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ABSTRACT 
The roles of surface oxide film and metal-film interfacial defects in corrosion initiation on 
aluminum were investigated. In the first part, a mathematical model was developed for oxide 
thickness and faradaic current, assuming high-field conduction and a uniform oxide layer 
thickness, and incorporating as input the measured potential. Electrochemical current and 
potential transients were measured for various aluminum foils during anodic oxidation of 
aluminum. The ratio of the experimental faradaic current density to the predicted one using 
high field model, p, was calculated. The measured faradaic current is about 104 times smaller 
than that predicted by this model initially, but the two converge after the initial period of time 
when p approaches 1. This discrepancy may be caused by several reasons. Our nonuniform 
oxide thickness hypothesis was supported by: (1) similar p~x characteristics for the same 
film obtained from different polarization experiments, where x is the solid-state barrier layer 
thickness of the oxide film; (2) the model's capability of predicting film structure change due 
to pretreatment such as NaOH dissolution, H2SO4 immersion, and electropolishing; (3) the 
capacity of predicting long-time current decays using high field model; (4) the lower anodic 
current of the foils subjected a short anodic pulse previously. 
In the second part, the effect of H3PO4 immersion on pit nucleation on aluminum during 
anodic etching in hot HC1 solution was investigated. It was found that the phosphoric acid 
immersion dramatically enhances the susceptibility of aluminum foil to anodic pitting 
corrosion, and the trend of the pit number density with the immersion time corresponds to 
decrease of surface oxide film thickness. AFM observation of the topography of foils which 
were experienced phosphoric acid treatment followed by oxide stripping in chromic-
phosphoric acid solution revealed presence of cavities. PAS measurements show the 
existence of interfacial voids of nm dimensions, whose metallic surface is oxide-free. These 
defects can be introduced by electropolishing and H3PO4 immersion. The strong similarity 
between the surface cavities and the pits in terms of size, shape, and distribution suggests that 
interfacial voids may sever as pitting initiation sites. A phenomenological mechanism for 
pitting precursor site was proposed. 
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CHAPTER 1 INTRODUCTION 
There are two primary types of corrosion: uniform corrosion and localized corrosion. 
Among the different forms of localized corrosion, pitting is encountered most often in 
technologically important metallic materials. Carbon steels, low alloy and stainless steels, 
nickel base alloys, aluminum, titanium, copper, and many other metals and their alloys may 
suffer severe pitting in different environments, especially in those containing chloride ions. 
Because pitting is widespread and damaging, it has been a matter of great concern to industry 
for more than 4 decades. Numerous studies have been done to determine what conditions 
lead to pitting and how the basic mechanisms of pitting work and to develop effective 
methods of protection. 
Pitting is a form of localized corrosion in which metal is removed preferentially from 
vulnerable areas on the surface. More specifically, pitting corrosion is local dissolution 
leading to the formation of cavities in passivated metals or alloys that are exposed to aqueous 
solutions containing aggressive anions. On the other hand, etching has been extensively used 
to create desirable micro-pattern cavities or pits in micro-fabrication industries such as 
electrolytic capacitor manufacture and microchip fabrication. In these applications, pitting is 
initiated and promoted intentionally. Therefore, pitting initiation study is extremely important 
not only for corrosion prevention and control, but also for modern micro-fabrication 
applications. 
For metal/metal oxide/electrolyte systems, it has been generally accepted that the oxide 
film formed on the surface of the metal plays an important role in passivity. In practice, the 
corrosion behavior of aluminum is determined in large part by the behavior of the oxide-
covered metal surface towards the corroding media [1]. Oxide film composition [2,3], 
structure [4], and film thickness [5] have been reported to be associated with the pitting 
behavior. For high purity aluminum, micro-structural factors such as film thickness 
nonuniformities and interfacial defects have received attention recently in our research 
laboratory [6,7]. This research opens up a very exciting avenue to explore the pitting 
precursor sites on high-purity aluminum. In this work, I am going to present some of the 
results about this theme. 
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This dissertation consists of two parts. Part I emphasizes the non-uniformity of the very 
thin film at the nanometer level and identifies the conduction mechanism of the thin film. 
Part II emphasizes the interfacial voids as the pitting initiation mechanism. General 
conclusions will be presented after the two parts are finished. 
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CHAPTER 2 LITERATURE REVIEW 
Lin and Hebert [8] found that the effect of cathodic polarization before stepping the 
potential above pitting potential is to increase the pit number density by as much as a factor 
of ca. 100 times. From Quartz Crystal Microbalance (QCM) experiments [9], they found 
further indications that no significant oxide dissolution occurs during the cathodic 
polarization period. Wang and Hebert [10] found that cathodic polarization leads to a 
decrease in barrier layer thickness and an increase in porosity. Their work is described in 
greater detail below. In the light of no oxide dissolution during cathodic polarization, they 
concluded that the penetration of pores into oxide film has to be responsible for the decrease 
of the barrier layer thickness. Therefore, the large increases in pit number density observed 
by Lin and Hebert are associated with the formation of these pores. A similar conclusion was 
drawn by Takahashi et al. [11], who found pits form during cathodic polarization, which 
provides evidence for the formation of pores. 
After studying the initial stages of cathodic breakdown of thin anodic aluminum oxide 
films, Hassel and Lohrengel [12] proposed a mechanism for cathodic breakdown of the film. 
That is, the breakdown starts at "weak spots" which may be given by local defects or very 
small thickness fluctuations. They observed that breakdown is indicated by a strong increase 
of the cathodic current (several decades), and the increasing coverage of the surface with 
minute hydrogen bubbles is proven by a decrease of the reflectivity. Further evidence to 
support our conclusion came from Lohrengel et aV s analysis of current transients during 
anodic oxidation. 
All this suggests that, at least in these experiments, with prior cathodic polarization, 
pitting sites are associated with pores in the oxide film. But whether or not this correlation is 
generally applicable to oxide films with no cathodic polarization remains to be explored. In 
order to answer this question, we propose to compare the oxide film on as-received 
aluminum with that after short NaOH treatment, and after electropolishing. Since the oxide 
is very soluble in NaOH solution, large changes in the oxide structure would be anticipated 
after NaOH dissolution. It is also found that this treatment leads to an increased number of 
4 
pits and a different distribution of pitting sites on the surface. Fomino [13] found that as the 
electropolishing time was prolonged, the pit density decreased essentially to zero. 
In the present work, we are extending the same transient electrochemical technique 
employed by Wang and Hebert for cathodic films, to films with no cathodic polarization. 
However, since the pore density is expected to be much smaller than in their experiments, it 
is necessary to significantly improve the technique's sensitivity in detecting film structural 
changes. 
2.1 Evidences for flaws in oxides 
Traditionally, in order to ascertain oxidation mechanism and to identify the rate-
controlling parameters, it was necessary to assume that any experimental results can be 
explained in terms of a compact and uniform oxide film. If the film were not uniform, the 
change in ionic current density with the electrical field strength cannot be interpreted in terms 
of conduction mechanism. To assume that an oxide film is compact and uniform is to suggest 
that no point in the film transports charge preferentially over other points. This has been 
proven false by a growing body of evidence. In fact, an anodic oxide film is always shown to 
be flawed in some way, due for instance to initial substrate surface roughness, impurity 
segregates on the oxide surface, etc. 
2.1.1 Flaws in anodic or thermal grown oxide films 
Using optical microscopy and electron microscopy, Vermilyea [14] examined anodic 
TaiOs films formed on contaminated or roughened surfaces in a variety of dilute aqueous 
solutions, including sodium borate, sodium sulfate, phosphoric acid, and perchloric acid. It 
was found that flaws in such TazOg films are thin spots in the films. The electron micro­
graphs showed that, at the thin spots, which have a diameter about equal to the film 
thickness, the two surfaces of the film have roughly conical indentations of considerable 
depth so that minimum thickness may be less than half that film thickness elsewhere on the 
specimen. Flaws can be produced by carbide and oxide particles only a few hundred 
angstroms in diameter, or by surface roughness resulting from abrasion, chemical etching, or 
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a crack in a pre-existing oxide film. Although these observations were made on films thicker 
than 200 nm, Vermilyea reported that flaws could be seen in 75 nm films. It was further 
inferred that flaws exist in 10 nm films, based on the effect of a 1-sec etch in hydrofluoric 
acid on the current in a redox electrolyte. The existence of flaws in 2 nm films was presumed 
to be responsible for easy metal electrodeposition. 
Alwitt and Hills [15] studied the reaction of aluminum electrodes with a glycol borate 
electrolyte by means of capacitance and weight loss change. They found that the capacitance 
and weight loss data correlated as if uniform dissolution were the sole process, despite the 
fact that electron micrographs showed that oxide had been penetrated at flaws. They 
concluded that aluminum oxide is attacked preferentially at flaws that are similar to those 
found in anodic TazOg. 
Using impedance measurement, Young [16] and Alwitt [17] suggested the presence of 
microfissures in NbzOs and AI2O3 films, respectively, to account for the frequency-dependent 
capacitance of such films. Young [16] proposed the microfissures or pores in TazOg are 
responsible for the electrolytic rectification as normally observed. The probable sources of 
fissures are mechanical stresses due to surface irregularities, stresses set up around 
inclusions, and failure of the film to grow above inclusions. 
Wood, Thompson and coworkers have extensively investigated flaws in anodic films 
using Transmission Electron Microscopy (TEM). During anodizing of as-received super pure 
aluminum, stripped anodic films showed local texture changes at and in the vicinity of flaws 
or thinner regions of film [18]. The flaw population densities decrease with chemical 
cleaning and electopolishing pre-treatments. Likely flaw sites are ridges on aluminum 
surfaces supporting air-formed films, which are also preferred sites for impurity deposition 
during metal treatment prior to anodizing. The barrier layer of the porous anodic film 
adjacent to the metal substrate contains an approximately similar flaw population density to a 
barrier-type film of equivalent thickness. The area at the base of each typical flaw of the 
order of 2*10"17to 3*10"14m"2 is always extremely small. 
According to results from Thompson's group, there is strong evidence from electron 
microscopy and decoration techniques that surface oxide films on all readily available 
purities of aluminum, whatever the surface finish, contain sufficient flaws to provide sites at 
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which pits may initiate. Wood et al. [19] claims that, there are two types of flaws: residual 
flaws and mechanical flaws. The former are caused by copper rich or iron rich segregates, 
interfering with oxide growth above and around them [20]; the latter are produced by relief 
of stresses in the film due to oxide formation over mechanical surface defects, such as 
scratches, voids associated with vacancy coalescence [21], etc. Air-formed films contain 
many mechanical flaws, which are healed readily by immersion of the film surface in 
chromate solution or by anodizing. Anodic films contain fewer mechanical flaws, but the 
residual flaws produced at impurity segregates tend to persist in thick barrier type films and 
are only overgrown gradually. But the distinction between these two types of flaws is not 
clear. Mechanical flaws are not easily revealed by TEM, but can be indirectly detected by 
decoration methods and impedance measurements. 
A model equivalent circuit [19] has been proposed to represent a pit developing below a 
flaw in an anodic film. As the pit first develops under the flaw in the anodic film, no 
measurable change in impedance would be expected until the pit area increases considerably 
because the impedance of the (pit+flaw) combination would be determined mainly by the 
size of the flaw, which is initially relatively unchanged. However, as the pits grow and the 
covering anodic film ruptures or collapses, the impedance of large pits is sufficiently small to 
"short out" the anodic film, and the specimen behaves like a sample covered by a broken-
down, air-formed film, in agreement with the observed results. 
2.1.2 Flaws observed during conversion coating formation 
Brown et al. [22, 23] examined the morphology, structure and mechanism of growth of 
chromate chemical conversion coatings on aluminum by transmission electron microscopy of 
stripped films and ultramicromoted sections combined with EDX analysis. For the annealed, 
high purity (99.99%) aluminum specimens [22], they found preferential deposition of the 
hydrated chromium oxide at grain boundaries or cellular boundaries. Such boundaries are 
thought to contain flaw sites due to impurity segregation in the substrate. These segregates 
were proposed to act as cathodic sites. The anodic sites lie between the metal ridges. 
However, for very high purity (99.9996%) aluminum specimens [23], they observed a 
relatively uniform hydrated chromium oxide. This is due to the absence of preferential 
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cathodic sites associated with reduced impurity segregation within the high purity aluminum 
substrate. Elemental analysis of ultramicromoted sections revealed the presence of only 
chromium and oxygen within the conversion coating; neither aluminum nor fluorine was 
detected. This relatively uniform growth feature can be explained readily on the basis that the 
deposition of the coating occurs by electron tunneling through a thin, alumina passive film 
which is always present on aluminum surfaces. 
Xu et al. [24, 25] studied the interaction of chromate species with aluminum supporting 
air-formed and anodic films using capacitance measurements, TEM of ultramicrotomed 
sections, and impedance measurements. They showed clearly the initial penetration of 
electrolyte species into the anodic film material. They also provided evidence of uneven 
thinning, previously implied by Richardson et al. [26] from observation of carbon replicas. 
In other words, direct observation of the films shows clearly that thinning occurs, but the 
initial process appears to be local, finely distributed penetration of the anodic film material. 
The dissolution of the oxide is assisted by local behavior at flaws, supporting cathodic 
processes and where hydrated CrzO] develops. Through impedance studies [25], they found 
that the low frequency behavior largely reflects local faradaic processes proceeding at flaws 
in the films. 
2.1.3 Flaws observed during growth of thermal oxide films on aluminum 
Oxidation of aluminum at temperatures in the range 300-425 °C obeys the parabolic rate 
law which could be explained by outward diffusion of Al3+ controlling the oxidation rate 
[27]. At higher oxidation temperatures, the oxidation behavior is explained by two processes: 
(1) the growth of amorphous alumina and 
(2) development of crystalline y-AlzOs at the amorphous alumina/metal interface [28, 29]. 
The growth of Y-AI2O3 does not proceed by crystallization of the initially formed amorphous 
oxide layer, but by the inward diffusion of oxygen through "easy paths" in the amorphous 
oxide layer. These easy paths are found frequently at microscopic ridges. 
Graham et al. [30, 31] found that oxides formed on pure aluminum above 450 °C consist 
of an outer amorphous AI2O3 film above Y-AI2O3 islands which form at the oxide/metal 
interface and protrude into the metal. These results provide strong evidence that oxygen 
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anion, transport proceeds rapidly via local channels with some oxygen exchange in the 
amorphous AI2O3 film. 
In 1991, Shimizu et al. [29] investigated the thermal oxide film growth on electropolished 
aluminum specimens by transmission electron microscopy (TEM) of stripped oxide films and 
ultramicrotomed sections. They found that the "easy paths" for the diffusion of oxygen, or 
the nucleation sites of the Y-AI2O3, are not distributed randomly over the electropolished 
aluminum surface, but form preferentially in the amorphous oxide layer grown over 
preexisting metal ridges. Thus, the diffusion of molecular oxygen through cracks in the 
amorphous oxide layer represents the most realistic and acceptable basis for explaining the 
local growth of Y-AI2O3 crystals in thermal oxide films on aluminum, although the cracks 
have not been observed directly. 
2.1.4 Growth of electronically conducting polymers on the insulating barrier layer 
Recently, Naoi et al. [32] reported simultaneous formation of both an insulating AI2O3 
layer and a conducting polymer film of polpyrrole (PPy) on aluminum substrate, implying 
that there must be sites of electronic conduction in the barrier layer. In their mechanism they 
proposed that, the initial AI2O3 layer is not entirely uniform, but rather contains a number of 
cracks. Thus, through these cracks, pyrrole preferentially electropolymerizes to form a 
conducting path from the A1 electrode to the surface of the AI2O3 layer. These conducting 
PPy channels help the current flow continuously and form a PPy layer on top of the AI2O3 
layer. 
2.1.5 Pores in SiOz films grown in oxygen 
Based on silicon oxidation studies, Irene [33] suggested that micropores exist in the SiOz 
films. These micropores would provide a "short circuit" path to the SiC>2 interface for oxidant 
species which do not attack SiOz (such as O2 related oxidant); they are also responsible for 
premature dielectric failure. His dielectric breakdown measurements showed there were 
fewer defects in the H2O grown thin S1O2 films, but TEM showed that the films contained 
inhomogeneities which are smaller than 50 Â. Later, Gibson and Dong [34] reported direct 
evidence for 1 nm pores in "dry" thermal SiC>2 film from high resolution TEM. In their study, 
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contrast phenomena observed in images from 9 nm thick "dry" films are consistent with the 
existence of 1 nm pores, typically 10 nm apart. Interestingly, similar films grown in a wet 
oxidizing ambient do not display this contrast. This pore structure was thought to be 
responsible for the difference in growth behavior and electrical properties between "wet" and 
"dry" SiC>2 films. 
2.2 Electrochemical detection of flaws or pores in oxide film 
Due to their nature, flaws, easy paths, and local channels are very difficult to detect 
physically, except in a few cases of thick anodic oxide films reported by Thompson et al. 
[18] using TEM observation. Since the pore number density inferred from the typical pit 
number density is possibly very small, the visual or microscopic detection may not be 
appropriate for our purpose. On the other hand, TEM ultramicrotomy is not appropriate for 
ultrathin films which thickness is on the order of 1 nm. However, electrochemical methods 
seem to be promising, as discussed below. 
2.2.1 Dekker and Middlehoek's pore-filling method 
Dekker and Middelhoek [35] developed an electrochemical method of determining the 
porosity p (pore volume fraction) by utilizing a "pore-filling" phenomenon first recognized 
by Dekker and van Geel [36]. They anodized an aluminum specimen in an acid solution to 
form a porous oxide with porosity ca. 0.15 and then re-anodized in a neutral borate-glycol 
solution (which forms a compact film) at a constant current density, and the time-variation in 
the cell voltage was recorded. They suggested that the anodizing current is carried by the 
movement of Al3+ and O2" across the barrier layer to form new oxide at the oxide/solution 
interface. Thus, pores of the porous layer are gradually filled with the oxide. The occurrence 
of pore filling during anodizing was supported by Dunn [37] and Nagayama et al. [38-41]. 
2.2.2 Wang and Hebert two-layer model 
Wang and Hebert [10] used a similar principle to detect pores in thin air-formed oxide 
layers. They developed a mathematical model for the surface film structure on aluminum 
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after cathodic polarization which consists of an inner barrier high-field conducting layer, and 
an outer, porous, ohmically conducting layer. It included all relevant capacitive and faradaic 
processes and incorporated the nonlinearity of conduction and reaction rate expressions. The 
model was used to investigate structural changes produced by cathodic polarization in acid 
solution. The film structural parameters were fit to experimental current transients, and it 
was found that the model was able to represent experimental current decays realistically over 
several orders of magnitude variation of current density (factor of 103) and time (factor of 
105). According to their model, the cathodic activation could be described in terms of a 
decrease of the inner layer thickness (8) from 30 to 15 or 20 Â and an increase of porosity (p) 
to 0.02. These changes were interpreted as being due to the rapid penetration of pores into 
the outer portion of the initial film. 
23 Transient phenomena during anodic oxidation 
Because the present method involves the measurement of rapid current transients on a 
time scale of <1 ms, it is important to account for the possible effects of capacitive and 
dielectric relaxation on these measurements. Dielectric relaxation in oxide films is not well 
understood, but some relevant observations have been reported for thicker anodic films. 
Mathematical models have also been developed to explain the transient phenomena. Here, 
we present a brief review of transient phenomena during anodic oxidation of valve-metals. 
Tantalum, niobium, and aluminum, when anodically oxidized under conditions in which 
the current efficiency for film formation is close to 100% and electrolyte incorporation into 
the film is minimal, appear to exhibit the same kinetic behavior. When these systems are 
subjected to either a changing current density or field strength, the relationship between the 
current density and field strength is not in general that found for steady-state conditions. 
There are two principal techniques that can be used to measure the transient phenomena: 
galvanostatic transients and potentiostatic transients. The former is to change abruptly the 
total current density, /, for the system, originally under steady-state conditions, and follow 
the overpotential as a function of time. The latter is to change the cell potential abruptly 
from its initial steady-state value and then follow the change in current density with time. 
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For aluminum, as shown in Figure 2.1, the galvanostatic transients were found to consist 
of two stages [42, 97]: the initial very rapid rise which is a consequence of having to charge 
up the metal-oxide-electrolyte capacitor, and the subsequent relatively slow decay arising 
presumably out of the kinetics of ion transport. 
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Figure 2.1 Decay of the excess field, E - E2, with charge passed (=J'0 Idt ) during 
galvanostatic transients performed on the system AI/AI2O3 in the glycol borate electrolyte 
[97]. Where E\ and E2 are the initial and final steady-state field strengths, I is the current 
density, t is time. 
In order to explain the valve-metal transient kinetics, many models have been put forward. 
Bean, Fisher, and Vermilyea proposed the high-field Frenkel-defect model [43]. Its principal 
features are that ion-transport is controlled within the film, the defect concentration being, 
however, field dependent under steady-state conditions and adjusting only slowly to sudden 
changes in the field or current. 
To account specifically for potentiostatic transients [44, 45], Young proposed the ionic 
avalanche model. He assumed that ion transport is controlled within the film and that under 
constant-field conditions the number of mobile defects increases toward its steady-state value 
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at a rate proportional to i2. It accounts, qualitatively, for potentiostatic transients, however, 
the fitting parameter varies with field strength. 
After studying the transients for very thin films on zirconium, Adams et al. suggested a 
mechanism [46] based on control by cation injection at the metal/oxide interface, with the 
number of metal ions at suitable locations for entering the oxide controlled in turn by the 
characteristics of the screw dislocations at the metal surface. These were assumed to depend 
on the current density and to adjust slowly with changing conditions. But the model appears 
to be inconsistent with the high degree of reproducibility achieved for both steady-state and 
transient measurements. 
In its original version of a "Polymeric Unit" structure theory [47], the amorphous oxide 
was considered to be composed of small crystallites or polymeric units with the principal 
rate-controlling step being ion transport between such units. The field strength in such a 
region will be a function of the polarization of the oxide. The dielectric relaxation process 
will accordingly give rise to ion current transients. It was assumed that the dielectric 
polarization relaxes to its equilibrium or steady-state value at a rate that is proportional to the 
ion current density because the large amount of energy dissipated per jump will effectively 
bring about local polarization equilibrium. But this model cannot possibly be valid for films 
only a few tens of angstroms in thickness. It has been modified by involving interfacial 
control [48], retaining the essential feature of the earlier model, namely that ion-current 
transients arise as a result of the dielectric relaxation process in the film. Thus, if the ion-
current density is controlled in total or in part by the field strength in the double layer, the 
continuity condition on the electric displacement makes Ed a function of the polarization of 
the film for fixed E, as shown in the following expression: 
sE = sdEd = E + 4xP (2.1) 
where P is the polarization of the oxide, E is the electrical field strength, Ed is the value of E 
in the Helmholtz double layer, e is the dielectric constant (generally for zero frequency) of 
the film, Sd is the effective dielectric constant of the Helmholtz double layer. 
Since i=f(Ed), a relaxation in P produces a similar relaxation in /. The same result is 
obtained if the rate is assumed to be controlled at the metal-oxide interface, which is exactly 
the assumption made by the dielectric relaxation model. Although in total the model gives an 
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excellent quantitative and self-consistent account of the data, some features of the 
polarization processes and AC impedance measurements during film formation are not 
explained in terms of the diellectric relaxation model. The details of the model are also in 
considerable doubt. The majoar obstacle in attempting to refine the model or develop a new 
one lies in our inadequate knowledge of the structure of both the oxide films themselves and 
of the film-electrolyte interface. 
By using a combination of" impedance and transient measurements, Lohrengel et al. [49, 
50] were able to perform a separation of electronic/dielectric and ionic effects based on the 
different origins of these processes. The fastest process is the charging of the oxide capacity 
described by the condensor equation: 
where C is capacitance, s is the dielectric constant of the oxide, s0 is the permittivity, and 
d is the oxide thickness. The next process is the dielectric relaxation decreasing with time 
according to the Curie-VonSchweidler law 
Obviously, both the dielectric model and the separation of different processes assumed a 
uniform oxide film over the ntetal surface, no matter whether the film pre-exists there before 
the electrochemical treatment or the film is formed during the electrochemical treatment. On 
the other hand, the transient phenomena they measured were based on a time scale of 1 
minute or even much longer, which is inappropriate for our experiment. Therefore, we need 
to choose an alternative, which can give us insight of the fine pores or flaws in the thin oxide 
films on the as-received, NaOH dissolved, and electropolished aluminum foil specimens. 
2.4 Thin anodic oxide film conduction mechanisms 
It is commonly assumed [5 1-53] that the electric field strength in a passive film (E) can 
be calculated by dividing the potential drop across the film (V) by the film thickness (S), i.e. 
(2.2) 
« = "O-?lOgiz (2.3) 
(2.4) 
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This hypothesis has been used to interpret the decrease in current with time for the growth of 
passive films on a variety of metals under potentiostatic conditions. That is, the growth of 
oxide film causes a continuous decrease in the electric field strength and hence reduces the 
ionic current. Based on this hypothesis, the high-field model (HFM) [54-60] is formulated as 
follows: 
where i is the current density, and A and B are temperature-dependent kinetic parameters. 
Two variants of the HFM have been proposed: Verwey [54] assumed that ion transport 
within the oxide film is rate-controlling step, whereas Mott and Cabrea [54, 55] suggested 
that the formation of defects at the metal/film interface controls the rate of the overall 
process. 
Although the HFM has been in wide acceptance and use for thick anodic oxide films, the 
applicability of HFM to the thin native oxide film (< 5nm) is still in dispute, as indicated by 
Macdonald and colleagues [61]. They proposed a point defect model (PDM), which states 
that the field strength remains constant but the potential drop across the metal/film interface 
decreases as film grows, as postulated in the Mott-Cabrera version of PDM [54, 55]. 
Vâland and Heusler [62] studied the reactions at the oxide-electrolyte interface of anodic 
oxide films on aluminum. During anodic polarization of aluminum in aqueous solutions, an 
anodic oxide film is formed, as indicated by Young [51]. Other electrode reactions proceed in 
parallel, the two important ones being dissolution of aluminum ions and deposition or 
dissolution of oxygen at the oxide-electrolyte interface. According to Vetter [63, 64], in the 
steady state the following oxygen transfer 
is in equilibrium. An equilibrium potential difference corresponding to Eq. (2.6) is 
established at the oxide-electrolyte interface. At this potential difference, the metal ions 
dissolve irreversibly from the oxide in the electrode reaction 
i = A exp(BE) (2.5) 
H20(aq) O2'(ox) + 2H+(aq) (2.6) 
Al3* (ox) -» Al3+(aq) (2.7) 
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by formation of some complex of Al3+ in the aqueous electrolyte solution. 
In the part I of this work, a mathematical model to describe the galvanostatic transients 
and potentiostatic transients was developed first, assuming the high field model was valid. 
When aluminum specimens are subjected to electrochemical pulses, we measure the 
response. The model was then used to calculate the transient curves from different 
polarization methods for different films. Finally the comparison between the experimental 
faradaic current and the calculated faradaic current was made, in order to examine the 
applicability of the high field conduction model to the thin native oxide films. 
2.5 Atomic force microscopy (AFM) 
With the development of signal processing and high performance computers, tremendous 
progress has been made in developing modern analytical and characterization techniques 
over the last few decades. As the offspring of scanning tunneling microscopy (STM), atomic 
force microscopy (AFM) was invented by Binnig et al. [65] in 1986 and became 
commercialized around 1990. Unlike STM which is largely limited to metals and 
semiconductors, AFM enables us to detect the sub-micron and even nanometer features of 
insulating surfaces. Due to this capability, AFM has been responsible for numerous 
innovations in today's scientific community. It gains wide applications in materials science 
and engineering, electrochemistry, nano-technology, and information technology. In this 
laboratory, we have been using in-situ AFM as the primary research tool to explore the time 
dependence of the surface morphology evolution on aluminum foils in various electrolyte 
solutions [66 - 68], under continuous anodization or open circuit conditions. Since AFM was 
extensively used in this study for surface characterization, a brief review about the principle 
and construction is presented below. 
2.5.1 AFM operating principles and main components 
Depending on the distance between the tip and the sample, AFM can be operated in two 
modes: contact mode and non-contact mode. In contact mode AFM, it is commonly the 
repulsive force between the tip and sample that is measured, on the basis of the cantilever 
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deflection. Then the spatial variation of the tip-sample repulsive force or that of the tip height 
is converted into an image. Because the repulsive force is universal, AFM is capable of 
imaging conducting as well as insulating materials. In general, AFM enables one to detect 
surface morphology, nanoscale structures, and molecular- and atomic-scale lattices. 
Figure 2.2 is the schematic of the AFM system. In operation, the sample surface is 
scanned with the sharp probe at a distance of less than a few nanometers, or in mechanical 
contact. For scanning, the sample moves against the tip. The common parts of AFM are the 
piezoceramic scanner, on which the moving element is mounted, and the coarse mechanism 
by which the tip and sample are brought close together so that the probing interactions can be 
measured with the appropriate detector. The detector signal is used for feedback control to 
adjust the tip-sample distance during the scanning. The AFM not only measures the force on 
the sample but also regulates it, allowing acquisition of images at very low forces. 
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Figure 2.2 Schematic of the atomic force microscope system (Digital Instrument, Inc., 1993) 
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The microscope head is shown in Figure 2.3. The head of an atomic force microscope 
consists of the optical block and the base. The stepper-motor, the adjustment screws and the 
scanner are installed within the base, and a sample is mounted on the top of the scanner. The 
optical block contains a viewing-window at the top, a laser diode, mirrors, and a four-
quadrant positional photodetector. The cantilever holder is fixed on the top of the alignment 
screws, with the tip positioned over the sample. The optical microscope or the optical camera 
attached to the viewing-window allows one to observe the cantilever for alignment of the 
laser beam and for positioning the tip over the sample areas of interest. In contemporary 
design, an AFM head is multifunctional and allows measurements in different modes. 
Figure 2.3 MultiMode SPM(Digital Instrument, Inc., 1996) 
Instrument operations are performed through the electronic unit controlled by the 
computer station. The software allows one to monitor the tip-sample approach, record the 
strength of the probing interaction as a function of the tip position, convert the collected 
information into the image on the screen, and store the data in the computer. In the contact 
mode, the repulsive force experienced by the tip is measured by recording the cantilever 
deflection. The cantilever spring constant (k) and the magnitude of the force control the 
18 
deflection. The deflection can be measured by several methods such as optical deflection, 
interferometric control, and piezoresistivity, but the optical deflection scheme [69, 70] is the 
most commonly used. In this method, a beam from the laser diode is reflected from the 
cantilever surface to the photodetector. Compared to other methods, the optical detection 
system has a definite advantage because of the higher signal-to-noise ratio. Depending upon 
the environment and the cantilever spring constant, the operational force in contact-mode 
AFM varies from one to several hundred nano-newtons. 
2.5.2 AFM probes 
The probes commonly used for the AFM measurements are cantilevers with integrated 
tips of S13N4 or silicon. The cantilevers are prepared with different lengths, thickness, and 
shapes. Their elastic spring constants vary in the range of 0.01-50 N/m. The shape of the tip 
apex and the elastic spring constant k of the cantilever are important parameters for AFM 
measurements. Figure 2.4 shows SEM pictures of the probe and tip we used for AFM 
measurements. 
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Figure 2.4 Scanning electron microscopes showing (a) the S13N4 standard probe; (b) close 
view of (a) 
2.6 Positron annihilation spectroscopy (PAS) 
Positrons are anti-particles of electrons. Once implanted, they will diffuse within the solid 
for a lifetime on the order of a few hundred picoseconds, after which they are either directly 
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annihilated by electrons, or else "trapped" into open volume defects. No matter if it occurs in 
defects or elsewhere, annihilation converts the combined mass of the positron and electron 
into the energy of gamma photons. Typically, two photons are produced with a photon 
energy peak at 511 keV. However, often there is an energy displacement from 511 keV due 
to a Doppler shift associated with the photon momentum. Since momentum is conserved 
during annihilation and the positron momentum is very small, the extent of this shift is 
characteristic of the momentum of the annihilating electron. Therefore the peak shape is a 
direct indication of the local momentum distribution of electrons involved in annihilation. 
Defective regions, where annihilation is dominated by low-momentum valence electrons, 
have narrow photopeaks, while defect-free regions have broader photopeaks. 
For positron annihilation spectroscopy (PAS) measurements, the S parameter represents 
the contribution to annihilation due to valence electrons, while the W parameter characterizes 
the contribution of annihilation due to core electrons. When PAS measurements are carried 
out for the annealed aluminum foil, the S values are normalized using the bulk aluminum S 
parameter. For annealed aluminum foil, the bulk metal has a very low vacancy concentration 
and can serve as a defect-free reference state. Therefore, the normalized S values larger than 
one would indicate that the presence either of phases having S parameter larger than 
aluminum, or else open volume defects. A schematic of the slow positron beam apparatus 
was given by Lynn and Lutz [84] (a). 
2.7 Pitting initiation mechanisms on metals and alloys 
In practice, on the surface of most metals and alloys, there are always some chemical or 
physical inhomogeneities that can be more susceptible to attack in aggressive environments 
compared to the remaining surface. It is generally acknowledged that this increased 
susceptibility is associated with the local imperfections of the passive film on the surface 
being considered [71]. For alloy systems, on the one hand, some alloying elements such as Cr 
and Mo that improve passivity of stainless steels are known to increase the steel's resistance 
to pitting. On the other hand, some nonmetallic inclusions, including sulfides and complex 
sulfide-oxide inclusions and second phase precipitates, are able to act as nucleation sites for 
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pits in a variety of iron and nickel based alloys [72-75]. Quite often the grain boundaries in 
stainless steel are considered responsible for pitting [72, 76], because chromium carbide is 
known to precipitate preferentially along the grain boundaries and thus deplete the content of 
Cr in the adjacent zones, which makes them more susceptible to localized attack. Although 
there are many factors that could attribute to the pitting initiation, in many studies sulfide 
inclusions or second phase particles have been found to be the most susceptible sites for pit 
initiation for alloy systems [72, 77, 78]. 
In recent years, with the development of modern high-resolution analytical techniques, 
progress has been made in the detection of pit precursor sites on polycrystalline titanium [79-
82] and duplex stainless steels [83]. Smyrl and colleagues developed a technique of 
combining scanning electrochemical microscopy (SECM) and scanning 
photoelectrochemical microscopy (PEM) to identify the pitting precursor sites (PPS) on a 
titanium in acidic KBr [79]. To perform SPECM, a microelectrode probe is required to raster 
over a sample surface while the electrochemical current passed through the probe is 
monitored. The probe also acts as a local source of illumination. The technique demonstrated 
that precursor sites have special properties that led to their photoelectrochemical detection, 
and that the magnitude of the photocurrent response at such sites is reduced compared to the 
surrounding oxide. In most cases, the local electrochemical active sites (pitting precursors) 
were found to be associated with particles (inclusions) containing A1 and Si [80]. Although 
the size of the inclusions was normally less than 10 pun, as revealed by SEM and AFM, in 
some cases larger particles were also found. The number density of the precursor sites is 
usually less than ten sites per square centimeter. 
After studying the initial stages of cathodic breakdown of thin anodic aluminum oxide 
films, Hassel and Lohrengel [10] proposed a mechanism for cathodic breakdown of the film. 
That is, the breakdown starts at "weak spots" which may be given by local defects or very 
small thickness fluctuations. They observed that breakdown is indicated by a strong increase 
of the cathodic current (several decades), and the increasing coverage of the surface with 
minute hydrogen bubbles is proven by a decrease of the reflectivity. 
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2.8 Pitting initiation mechanisms on high purity aluminum 
During the process of electrolytic capacitor manufacture, high purity aluminum foils are 
etched anodically in hot chloride solutions to produce as many as 107/cm2 etch pits on the foil 
surface, in order to increase the foil's surface area and capacitance. Prior to etching, the foils 
are usually immersed in caustic or acidic solutions in which surface dissolution occurs. Since 
pitting during etching and corrosion are fundamentally the same, a better understanding of 
the pitting sites would be beneficial to etching processes and pitting corrosion control as 
well. 
The progress being made in the detection of pit precursor sites in recent years has been 
largely focused on the second-phase particles, as stated above. For high purity aluminum foil, 
this second-phase particle mechanism is not likely applicable, because the impurity 
concentration is at the ppm level and therefore there is no direct counterpart for particles. The 
precursor sites on pure metals may be too small to be detected using the same techniques 
which have been successfully applied to alloy systems. New techniques are therefore sought. 
Positron annihilation spectroscopy (PAS) [84-86] is a technique that has been widely used 
for detecting atomic-scale open-volume defects such as vacancies, vacancy clusters, and 
micro voids in metals, alloys, semiconductors, and ceramics. In recent years, Hebert's 
research group used PAS to investigate high-purity aluminum capacitor foils [87, 88]. They 
found that there are significant defects near the metal-oxide film interface, and observed that 
the number of defects or their sizes increase due to open-circuit dissolution in NaOH 
solution. In aluminum capacitor manufacture industry, the same dissolution process enhances 
the number density of pitting sites when used as a pretreatment for etching. Our most recent 
work [7, 89] established the fundamental connection between the PAS-detected defects and 
pit sites. It was found that the interfacial voids were formed by dissolution of aluminum in 
aqueous NaOH solution. Atomic Force Microscopy (AFM) images of NaOH-dissolved foils, 
after stripping the surface oxide film in chromic-phosphoric acid bath, reveal cavities on the 
order of 100 nm dimension. The average cavity depths are in quantitative agreement with the 
PAS-derived thickness of the interfacial void-containing layer, and the dissolution time 
dependence of the defect layer S parameter closely parallels that of the fractional coverage of 
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the foil surface by cavities. Therefore the cavities revealed by AFM are believed to be the 
interfacial voids created along those detected by PAS. Further, it was found that the 
distribution of cavities on the surface closely resembles that of corrosion pits formed by 
anodic etching in IN HC1. All these results together suggest that the interfacial voids may 
serve as pit initiation sites. 
In the part II of the present work, the interfacial void concept was extended to the case 
where immersion in phosphoric acid bath was used as a pretreatment to enhance the number 
density of pits on high purity aluminum foils. Studies were also carried out on 
electropolished aluminum foils, in order to ascertain the effect of the surface oxide film 
thickness on the pits number density. PAS was used to detect the existence of interfacial 
voids, and AFM was used to reveal the cavities on the surface, after stripping the surface 
oxide film in the chromic-phosphoric acid bath. After anodic etching in hot IN HC1, the 
morphology of the aluminum foils were examined by Scanning Electron Microscopy (SEM). 
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CHAPTER 3 MATHEMATICAL MODEL FOR ELECTROCHEMICAL 
TRANSIENT PROCESSES 
3.1 Mathematical model 
3.1.1 Electrochemical system 
Anodic oxide film is formed when aluminum is anodically polarized in aqueous 
electrolyte solutions. Assuming the oxide film at the surface of aluminum is uniform, an 
electrochemical system of Al/AlzOj/Electrolyte can be shown schematically in figure 3.1. 
Al AI2O3 Electrolyte solution 
ic 
Al3+ dissolution 
ii 
• 
O2" deposition 
or dissolution 
Figure 3.1 Schematic of Al/AliOg/Electrolyte system 
In addition to the anodic polarization, there are two important electrode reactions that 
proceed in parallel, e.g., dissolution of aluminum ions and deposition or dissolution of 
oxygen at the oxide-solution interface. Oxide is formed by deposition of O2" at the outer 
interface from H%0 in the electrolyte to the oxide, where O2" meets the Al3+ produced from 
aluminum at the inner interface between aluminum and oxide. At the outer interface, the rates 
of O2" and Al3+ are coupled through the common potential difference at the oxide-solution 
interface. These two independent transfers of metal and oxygen ions at the oxide-solution 
interface can be expressed as: 
(3.D 
ionic conduction 
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H 2 0^0^+2H^ (32) 
3.1.2 Model equations 
Vâland and Heusler established the expressions of the rates of the above transfer 
processes [62]. In addition to the assumption of uniform film thickness above, we also 
assume that high field model is valid for the thin native oxide film. The following 
mathematical model is then developed. 
1) The continuity of current at the oxide-solution interface 
The ionic conduction current density within the oxide film is governed by the high field 
model: 
where ia is the ionic conduction current density, <j> is the potential drop across the oxide film, 
x is the solid-state barrier layer thickness of the oxide film, ia0 and B are kinetic parameters. 
The current density of dissolution process is given by the Tafel [90]equation: 
where ic is the Al3+ dissolution current density, ic0 is the exchange current density, rj is the 
potential drop across the oxide-solution interface, acis the kinetic parameter, Fis the 
Faraday's constant, R is the ideal gas constant, and T is the temperature. 
The current density of O2" deposition ( ii ) takes from the work of Erdey-Gruz et al. [91] 
and Butler [92] on the electrode kinetics involved for both forward and backward reactions: 
where a] and a, are transfer coefficients for the forward and backward reactions, 
respectively. 
Current continuity at the film-solution interface requires, 
(3.3) 
(3.4) 
/, = i, o [exp(^p^) - exp(~~~~)] (3.5) 
l a  =lc+h (3.6) 
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Incorporating Eqs. (3.3)-(3.5) into Eq. (3.6) yields, 
iao exP(~~) = 4o exP(^^) + 4o [exp(^|^) - exp(-g^7)] (3.7) 
2) Oxide film growth kinetics 
The rate of film growth is controlled by the rate of O2* deposition at the film surface. 
According to the Faraday law, we have, 
(3
'
8) 
where Cm stands for the molar concentration of AI2O3 in the film. 
3) Cell Potential 
Let V(t )  be the sum of the film and interface potential drops, 
V(t )  =  0(0 + 7(0 (3-9) 
The potential V(t )  can be determined from the measured current or potential transients in 
potentiostatic or galvanostatic experiments, 
V(t )  =  E-E i „ A , ^ - iR . s  (3.10) 
Where Rs is the bulk solution resistance in the electrochemical cell, and EAUAl^ is the 
equilibrium potential for the electrochemical formation of AI2O3, which is pH dependent. For 
potentiostatic experiments, E is the applied potential and / is the measured current density; 
for galvanostatic experiments, i is the applied current density and E is the measured 
potential. 
3.1.3 Model calculation 
By using numerical integration, Eqs. (3.7)—(3.9) were solved to obtain r](t), and 
jc(0 . Thus the faradic current density if (0 predicted by the model is 
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expf^^ï (3.11) 
We define a dimensionless number as the ratio of the experimental faradic current density 
to *7(0 
m
~
ciï 
(3
-
12) 
where /(f) is the experimental current density (potentiostatic experiments) or applied current 
density (galvanostatic experiments), and C is the oxide layer capacitance. 
The initial barrier layer thickness x0 was a free parameter in the model. x0 was selected to 
give an initial p of order of 10"4. When a smaller x0 was chosen, p increased to 10"4 in one or 
two time steps (20 // s) and the subsequent evolution ofp and x was not affected. 
3.2 Model Parameters 
Some of the parameters in Equations (3.7)-(3.9) were taken from independent sources, 
and others were obtained by fitting the model to the experiment transients. As stated above, 
conduction in the barrier layer was assumed to be similar to that in anodic oxide films, that 
is, high field conduction mechanism is assumed to be valid. The kinetic parameters 
5(3.445* 10"6 cm/V) and iao (2.37* 10"15 A/cm2) were known from studies of anodic 
oxidation [93]. The equilibrium potential was calculated to be -1.57 V by correcting the 
standard potential of -1.51 V (Pourbiax) for the cell pH of 1.0. The capacitance C and the 
cell resistance Rs were obtained by fitting the initial portion of the transient curves, as 
described in Chapter 5. The model equations were formulated as an ordinary differential 
equations initial value problem and were solved numerically using IMSL Subroutine 
DDASPG. 
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33 Dielectric Relaxation Model 
In order to examine the possible effect of dielectric relaxation during the electrochemical 
transients, the dielectric relaxation model due to Dignam et al. [94-96] is introduced here for 
comparison. 
Dielectric relaxation modifies the electric field strength. After incorporating the dielectric 
relaxation effect, the general high field model takes the following form, 
i = h e x P ( ~ % ) e x P ( £  +  4 a P ) }  ( 3 . 1 3 )  
kT kTed 
-^-(4*P) = B x {x x E-  AnP)  (3.14) dq 
where E is the electric field strength, P is the polarization of the oxicde, ej is the effective 
dielectric constant of the Helmholtz double layer, as cited in Chapter 2. Qe is the empirical 
activation energy for the anodic oxidation (eV), m "and 5, are empirical constants, q is 
charge passed during anodic polarization (/jC/ cm1), X\ is the electric susceptibility of the 
oxide film. 
Let 
R = AtzP (3.15) 
iao = i0 exp(--j^) (3.16) 
a = l/Bl (3.18) 
where R is the dielectric relaxation, ia0, Ba, and a are conduction or kinetic parameters. Eqs. 
(3.13)^(3.14) can be rewritten as follows, 
i = ia0 exp(Ba(E + R)) (3.19) 
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a^ = XxE-R (3.20) 
dq 
Since dq = idt, Eq. (3.20) becomes, 
^ (3.21) 
at <j 
Eq. (3.19) and Eq. (3.21) can be used to describe the current transients resulting from 
potentiostatic experiments. At steady state, we have 
— = 0 (3.22) 
dq 
therefore the steady state values for dielectric relaxation R and current density i are 
calculated as 
R = ZxE (3.23) 
i = ia0 exp(Ba(E + R)) = iaQ exp(S„(1 + Zi)E) (3 24) 
When we apply Eq. (3.21) to the galvanostatic experiments where the current density 
stepped from z, to i2 and the steady state electrical field strength changed from Ex to E2 
accordingly, the solution to Eq. (3.21) will be 
R(q) = c exp(——) + X\ Ei (3.25) 
<T 
At q  = 0, we have R  =  % X E X .  Therefore, the integration constant is, 
c = Zl(£1-£2) (3.26) 
Substituting this into Eq. (3.25) yields, 
R = Xx (£, - E2 ) exp(——) + Zi (3 -27) 
cr 
According to Eq. (3.19), when the current density is maintained at i2, the term (E + R) 
should be constant and should be equal to the steady state value. Thus we have 
E + R = E2 + R(jq —^ w) (3.28) 
Notes 
R(q -> oo) = %xE2 (3.29) 
So, 
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E + R = E 2 + Z I E 2  (3.30) 
Substituting Eq. (3.27) into Eq. (3.30), simple manipulating gives us, 
E  E l  
— X\  exP(——) (3.31) 
E 2 -E x a 
It can be used to describe the potential transients resulting from galvanostatic experiments. In 
our calculation involving dielectric relaxation, we used Eq. (3.31) to obtain the parameters 
X\ and or from Goad and Dignam's [97] results (see Figure 2.1 in Section 2.3) as follows: 
<7 = 33.3 yClcm1 (3.32) 
Z, =1-39 (3.33) 
Then we substituted Eq. (3.19) for Eq. (3.3) in the model and added Eq. (3.21). 
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CHAPTER 4 EXPERIMENTAL 
4.1 Materials and pretreatment procedures 
Aluminum samples were 99.98% purity annealed foils, about 100 fjm thick. Solutions 
were prepared from reagent grade chemicals and distilled and deionized water. 
For the electrochemical transient experiments, NaOH dissolution was at open circuit. 
Electropolishing was carried out with a DC power supply (BK precision) in a Jacquet bath 
[76], a mixture of perchloric acid and acetic anhydride, in a volume ratio of 22:78, at the 
temperature of 5 °C. Low temperature was used here to avoid the possible explosion. A 
constant voltage of 25 V was applied between the aluminum foil anode and another piece of 
aluminum acting as cathode for 4 minutes. This procedure was reported to give a thin oxide 
film of about 2 nm [98], with great reproducibility. This procedure is designated as EP II. 
As detailed in section 4.4, another electropolishing solution was used to prepare 
aluminum foil samples for the etching experiments. We designate this procedure as EP 1. 
4.2 Galvanostatic transient experiments 
Anodic current pulse experiments were used to characterize the surface oxide film. 
Electrochemical experiments were carried out using a standard three-electrode cell 
arrangement with a potentiostat (PAR 273), Pt wire counterelectrode, and Ag/AgCl reference 
electrode. The potentials reported here have been converted to be with respect to standard 
hydrogen reference electrode (NHE) except where otherwise specified. The electrochemical 
cell is shown schematically in Figure 4.1. 
After having been exposed to 1 M NaOH solution for various times, aluminum samples 
were then transferred to the cell, which contained 0.1 M H2SO4 solution (pH 1.0). Upon 
immersion in this cell, the applied current was immediately stepped from zero to 2.5 mA/cm2 
and the resulting potential transient was recorded. The potential data were measured using a 
high speed voltmeter (Keithley 194A) at time internal of 10 JJS . The experiment was then 
repeated for the as-received aluminum foil sample. 
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RE(Ag/AgCI/4N KC1 ) 
CE(Pt) 
4.6 cm 
I 1 cmi 
6.4 cm 
2.7 cm 
Figure 4.1 Schematic representation of the electrochemical cell used for galvanostatic study 
4.3 Potentiostatic transient experiments 
Here we used anodic potential pulses to characterize the surface oxide film. The 
electrochemical cell here is a special constructed capillary with inner diameters 0.8 cm and 
0.08 cm at two ends, respectively. The cell set up is presented schematically in Figure 4.2. 
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RE(Pî) 
CE(Pt) 
0.8 cm 
0.08 cm —^ 
Al •• 
7.5 cm 
Figure 4.2 Sketch of the capillary electrochemical cell 
After subjecting foils to the same pretreatment procedure as anodic current pulse 
experiments, the aluminum samples were then transferred to the capillary cell, which 
contained 0.1 M H2SO4 solution (pH 1.0). Upon immersion in this cell, the applied potential 
was immediately stepped from open circuit to a more anodic potential (here "anodic" means 
the potential is more positive than open circuit potential), and the resulting current transient 
was measured with a sampling rate of 10 fjs. 
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In addition to the as-received and NaOH pretreated aluminum foils, the potentiostatic 
experiments were also carried out for the electropolished aluminum foils, and the resulting 
current transients were obtained. 
To discriminate if there is any dielectric relaxation and significant oxide growth involved 
during the very first moment of anodic polarization, two-step experiments were carried out 
We kept the duration of a first potential step short, then stepped with the same potential 
difference to a second anodic potential for a relatively long time. The current transients were 
measured for each potential step and compared. 
To get accurate data for current density, we need to know the exact area of aluminum 
specimen which is exposed to the electrolyte solution. First we applied a large anodic current 
density through this electrochemical cell to the aluminum sample for a long enough time to 
ensure there is a white thick oxide layer forming at the exposed area. Then we used 
microphotography to measure its area. This gave us the exposed area, 0.00601 cm2, which is 
slightly larger than the calculated value, 0.0052 cm2. The latter is based on the inner diameter 
measured roughly by small beads. 
Since the exposed area is so small, it was necessary to make sure there is good electrical 
contact between the tip of the capillary and the surface of the aluminum sample, to ensure 
that because there is no air trapped at the interface. For this reason, we measured the potential 
waveform across the cell during application of a potential pulse to the cell. There was good 
agreement between the applied potential and measured potential across the cell. 
4.4 Anodic etching experiments 
For the etching experiments, the effect of phosphoric acid pretreatment on pit nucleation 
on aluminum was investigated. Both as-received and electropolished foils were used, so that 
the dependence of these results on the metal surface condition could be assessed. 
The aluminum samples were the same as used for the electrochemical transient 
experiments previously, 99.98 % purity annealed foils, 100 |im thick with a typical grain size 
of 100 p.m (provided by KDK Corp.). Solutions were prepared from reagent grade chemicals 
and distilled and deionized water. The phosphoric acid treatment was done by immersing the 
aluminum foil into a 85 C, 5% H3PO4 bath at open circuit for various times. 
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The experimental setup for etching is shown in Figure 4.3(a) and Figure 4.3(b). The top 
glass plate has a window, whose diameter is 1.4 cm. Only the portion of the aluminum foil 
exposed to the etchant solution through the open window was subjected to the anodic 
etching. Just before etching, the foils were dipped in 1 M H2SO4 at room temperature for 10 
min, to stabilize their corrosion potentials. Anodic etching was carried out at a constant 
applied potential of -0.35 V in 1 M HCl at 70 C and for a period of 0.1 s. All cited 
potentials are with respect to the Ag/AgCl/4N KC1 reference electrode. The etched surface 
morphology was observed using Scanning Electron Microscopy (SEM) (JEOL JSM-840A). 
The statistical analysis on the number density of pits on the etched surface was then 
conducted based on the SEM images. 
Aluminum foil Glass plate with window 
Pt wire 
1.4 cm 
Figure 4.3 (a) Top view of the glass window for etching experiment 
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Aluminum foil Pt wire 
4 cm 1.4 cm 
5 mm Glass plate 
Figure 4.3 (b) Side view of the glass window for the etching experiment 
Electropolishing was carried out at a constant applied current density of 0.25 A/cm2 in a 
phosphoric acid-ethanol-water bath at 40 C, for times up to 3 min. As mentioned in Section 
4.1, this electropolishing procedure is designated as EP I. The electropolished aluminum foil 
samples were then subjected to the same pretreatment in the 85 C, 5% H3PO4 bath at open 
circuit for various times, dipping in 1 M H2SO4 at room temperature for 10 min., and then 
etching at a constant applied potential of-0.35 V in 1 M HC1 at 70 °C for a period of 0.1 s. 
SEM observation and statistical analysis were also done for these etched samples. 
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4.5 Electrochemical measurement of the oxide film thickness 
In order to ascertain changes in the oxide film thickness due to electropolishing and acid 
treatments, potential transients during the early stages of anodic oxidation were measured. 
Treated foils were transferred to a cell containing 0.1 M H2SO4 solution at room temperature, 
in which an anodic current density of 0.5 mA/cm2 was applied. The potential transient 
during the early moments of anodic oxide growth was measured at time intervals of 10 fis or 
20 fjs using a high speed voltmeter (Keithley 194A) interfaced to a personal computer. 
4.6 Atomic force microscopy (AFM) observation 
Using Digital Instruments Nanoscope III, we made the AFM observations for aluminum 
foils subjected a variety of pretreatment or processes previously, including as-received foil, 
electropolished foil, etched foil, and stripped foil. In most cases, the AFM examination of 
foils was carried out in air, using a 14 p.m scanner along with Si cantilevers and a S13N4 tip 
(Digital Instruments Nanoscope III). 
In some experiments, the oxide film was chemically stripped prior to AFM observation, 
by immersing the foil in a 2 wt. %CrO] — 5 wt.% H3PO4 bath at 85 C. The changes of the 
surface topography resulting from this chemical stripping process were closely monitored, by 
increasing the immersion time gradually with small enough time increment. To get 
statistically significant data, usually five different locations on the same sample were 
observed. 
To verify the non-uniformity of the oxide film thickness, in-situ AFM observation of 
anodization in different electrolyte solutions were carried out. A constant current density of 
2.5 mA/cm2 was applied for a duration of 100 ms. The AFM images were captured before 
and after the anodization, while the foil was placed in the electrochemical fluid cell of AFM 
and exposed to the electrolyte solution. Two electrolyte solutions, 0.1 M H2SO4 and borate-
buffer, were used separately. Figure 4.4 is the schematic of the in-situ AFM anodizing 
system. 
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Figure 4.4 Schematic of in-situ Atomic Force Microscopy (AFM) anodizing system 
4.7 Positron annihilation spectroscopy (PAS) measurement 
All of the PAS measurement was done at the Physics Department of Washington State 
University. It was carried out in a vacuum system at 10"7 torn The positrons are ejected from 
a 22Na source as a monoenergetic beam which implanted them within the sample to an 
energy-dependent mean depth. The beam implanted positrons within the sample at a mean 
depth given by 
zm =14.8^6 (4.1) 
where the mean depth zm is in units of nanometers and the beam energy Eb is in keV [99]. 
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At each beam energy, a Doppler-broadened gamma radiation spectrum was measured 
using a Ge detector mounted perpendicular to the beam direction; each spectrum consisted of 
about 5 x 105 photon counts. S and W parameters were calculated by the system software, to 
within an accuracy of 0.001. 
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CHAPTER 5 RESULTS AND DISCUSSION: TRANSIENT OXIDE FILM 
CONDUCTION MEASUREMENTS 
5.1 Galvanostatic transients 
5.1.1 Experimental results 
Figure 5.1 shows potential transients at time scale of milliseconds after current was 
applied for different samples. It is clear that the anodizing potential transient changes 
abruptly from the as-received foil to the one dipped for 10 sec in NaOH and then changes 
relatively little for longer immersion. 
As-received 
2.5 -j 
OÛ NaOH Imin 
0.5 -
NaOH 10s 
i 
! 
-0.5 -
I time, ms 
Figure 5.1 The potential transients for various aluminum foil samples anodized at constant 
current density of 2.5 mA/cm2 in 0.1 M H2SO4 solution at room temperature 
5.1.2 Modeling of galvanostatic transients 
1. Estimation of parameters 
It is necessary to determine the cell resistance and aluminum capacitance, in order to 
apply the mathematical model to the transients. 
(a) Cell resistance Rs 
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The cell resistance Rs was measured independently by applying potential steps to the cell 
with the same electrolyte solution and then measuring its current transient response. Since 
we used the same cell setup for all the experiments, we expect the cell to have the same Rs. 
Figure 5.2 is the measured transient after applying a potential step from -1.0 V to -0.2 V. 
When the potential is stepped from -1.0 V to -0.2 V, the cell current density immediately 
changed from 0.44 mA/cm2 to 7.12 mA/cm2. This gives us 
R(OAMH2SO.)= — = —-—r = 119.76Q-cm2 «120Qcm2 (5.1) 2 4 Ai 6.68mA/ cm 
Thus, the ohmic potential drop in our galvanostatic experiment will be 
iRs = 2.5mA/cm2 xl20Q-cm2 = 0.3V. This exactly coincides with the initial vertical line 
section on the potential transients. That is, from the initial vertical line section, we can also 
determine the cell resistance Rs. 
(b) The barrier oxide capacity C 
When the potential overcomes the solution ohmic drop, the capacitive charging of the 
oxide layer will be dominant immediately, and the first slope on the potential transient should 
characterize this capacitive charging process. In this way, we can estimate the capacity of 
0 02 0.4 0.6 0.8 1 ! 
Time, ms ! 
Figure 5.2 Current response after applying a potential step from -1.0 V to -0.2 V in 0.1 M 
sulfuric acid solution 
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oxide as 
c 
= -JTL- (5.2) 
<?>- • 
where iappl is the applied current density and (~j^~)f=o is the first slope.The values of C for 
various samples estimated in this way are listed in Table 5.1. They are in good agreement 
with the literature values [100-102]. Hoar and Yahalom [100] gave C = 0.45 ~ 3.0fiF/cm2, 
where the lower limit corresponds to the specimen which has been anodized to some extent, 
while the upper limit corresponds to the specimen which has been anodized to a lesser extent. 
Jung and Metzger [101] gave C = 3.3 ~ 10.0/zF/cm2depending on the scan potential. 
Takahashi et al. [102] gave C = 2.69/IF /cm2 for a chemically polished sample and 
C = 236/iF ! cm2 for an electropolished sample. The values of parameters estimated are 
summarized in Table 5.1. 
Table 5.1 Parameters estimated from potential transients 
Parameters As-receivedfoil NaOH 10s foil NaOH 1 min foil 
Rs(Ci-cm2) 120 120 120 
C(jiF/cm2) 2.22 5.17 4.23 
2. Modeling results 
The model results are shown in Figure 5.3, as plots of the current ratio pit) vs. x(t), the 
calculated thickness of the oxide film at time t. x increases as a function of time during the 
polarization process. Figure 5.3 show three p ~ x profiles for different films: as-received, 
NaOH treated for 10s, and NaOH treated for 1 min, separately. Three features can be 
identified from this figure: 
(1) Initially, p is around the order of 10"4; 
(2) p increases monotonically and approaches 1 finally; 
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Figure 5.3 p vs. x plots from galvanostatic experiments with the model not incorporating 
dielectric relaxation phenomena 
(3) NaOH treated foils have a smaller apparent oxide thickness compared to the as-received 
foil. The condition of p = 1 is approached at x w 2.2 nm for the NaOH treated foils, but at a 
larger x up to 4.5 nm for the as-received foil. 
Since the oxide film is highly soluble in NaOH solution, the overall oxide thickness 
should be decreased as a result of NaOH treatment. This is consistent with modeling results. 
However, it is obvious that the high field conduction, uniform oxide film model does not 
represent the experimental current at early time, but that the two converge after the initial 
period of time when p approaches 1. There are several possible reasons for this discrepancy: 
either the failure of the high field model for the thin oxide layers, or the nonuniformity of the 
film thickness at the start of the experiment, or some other effects involving electronic 
currents that we do not understand yet. In the first case, the oxide is initially much more 
resistive than a barrier oxide but then chemically transforms to a structure similar to a barrier 
oxide. If the second one were the case, then at first only the portions of the film surface 
occupied by the thinnest oxide would be electrochemically active. Over the course of 
anodization, as these thinnest regions would gradually fill with oxide, the active area would 
increase with time. Eventually, the oxide thickness would approach uniformity, at which 
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point p would be approximately one. The trend of increasing p with time, the approach of p 
to unity, and the smaller apparent thickness of the oxide layer after the NaOH pretreatment 
are qualitatively consistent with the nonuniform thickness hypothesis. Also, barrier oxides 
are the least conductive of any known form of aluminum oxides. Therefore, it may not be 
reasonable for the film resistance to be initially much larger than such a material. For the 
third case, we cannot make any arguments here since we do not understand yet. But if this is 
the case, transients may not be particularly diagnostic of the ionic conduction mechanism. 
To examine the possible effect of dielectric relaxation during the course of anodization, 
the model incorporating dielectric relaxation was used for calculation. The modeling results 
are shown in Figure 5.4. Comparison of Figure 5.4 with Figure 5.3 shows that they are 
essentially the same, except that the dielectric relaxation model gives a little smaller apparent 
initial barrier layer thickness on the films. This is reasonable due to the fact the dielectric 
relaxation reduces the electric field across the film with time. Thus the film conductance is 
initially lower than at steady state, and to maintain the current density constant, the apparent 
thickness of oxide layer should be smaller. 
1.00E+01 i 
2" 1.002+00 -| 
NaOH 10 s 
NaOH 1 min I 1.002-01 c 
1 1.002-02 -
c 
| 1.002-03 -
® ! 
j| 1.002-04 -j 
1.002-05 -! . : , , 1 1 : : 
1 1.5 2 2.5 3 3.5 4 4.5 5 
Barrier layer thickness, nm 
Figure 5.4 p vs. x plots from galvanostatic experiments with the model incorporating 
dielectric relaxation phenomena 
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5.1.3 Discussion of oxide film structure 
If the non-uniform oxide thickness hypothesis is correct, the dimensionless number p may 
be viewed as "porosity" of the oxide film, and it would be a property of the film. Therefore, 
different polarization techniques should be able to give similar p ~ x characteristics. Figure 
5.3 and Figure 5.4 suggest that "pores" of varying lengths maybe present in all samples. 
According to Figure 5.3, the apparent barrier layer thickness of the film was decreased by 
exposure to NaOH solution from 2.1 nm to 1.4 nm. The film on the as-received sample 
contained a "porous" layer of about 2.5 nm thickness, which was apparently dissolved 
quickly upon immersion in NaOH solution. In contrast, the two samples exposed to NaOH 
solution had much thinner "porous" layers, about 0.7 nm thick. Thus, Figure 5.3 indicates 
that the outer "porous" part of the oxide film dissolved abruptly within about 10 s in NaOH, 
after which no significant further changes in the film structure could be detected. 
Figure 5.3 does not, however, reveal information about the inner part of the oxide film. 
Experimental limitations may cause the presence of flaws in the inner oxide to be masked. 
The minimum distance from the metal/film interface at which anodic oxide growth can be 
detected is determined by the time at which faradaic current begins to predominate over 
capacitive current, usually at (3~4) r where x is the time constant of the capacitive charging. 
From the data of Table 5.1, we get 
r = 120Q-cm2 x(2.2-5.2)fiF/cm2 =264-624 fis (5.3) 
To enhance the sensitivity of the technique, we need to minimize the time constant z. 
Theoretically there are two possibilities to minimize r. One is to increase the conductivity of 
the electrolyte solution to decrease Rs. The other is to decrease the electrode area to decrease 
C, but not increase Rs. We choose to decrease the electrode area. For a small disc electrode 
with radius r cm and differential capacitance Cd, if the conductance of the bulk solution is 
kQ-1 • cm~l, the capacitive charging time constant r will be 
t = R C = —Cdnr2 = ^ -r (5.4) 
4*r 4K 
Hence decreasing r will decrease r. Inspired by this idea, a special capillary cell was 
constructed and the following capillary potentiostatic experiments were carried out. The 
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potentiostatic experiments can serve the purpose of testing if we are able to get similar 
p — x characteristics for the same film using different polarization techniques. 
5.2 Capillary potentiostatic transients 
5.2.1 Experimental results 
The current transients for a 0.2 V potential step are shown in Figure 5.5. Within 0.5 ms, 
the current densities are quickly decayed to near zero. The current was dominated by the 
capacitive charging. Therefore, a larger potential step was necessary to provide an extended 
period of anodic oxide growth. We -applied a larger potential step (0.4 V, 0.7 V, 0.9V) to the 
sample and measured the resulting current transients which are shown in Figure 5.6. To get a 
better view of the initial portions of" the current transients, the data for 0—10 ms are shown in 
Figure 5.7. Note for these current transients, all of the experiments were carried out in 0.1 M 
H2SO4 solution, with only one exception for 0.1 M Na%S04 3 hr foil which was done in 0.1 
M NaiSCU solution. 
For most samples, Figure 5.6 shows that the current transient consists of three parts. After 
an initial quick decay, the current density increases moderately to a maximum (peak value) 
within a few ms (with one exception for the sample immersed in 0.1 M H2SO4 for 3 hr, in 
which case the peak occurs at a few ten ms), then it decreases again, but with a much slower 
rate. Such a feature was not detected for the as-received foil when 0.7 V step was applied. 
Since Figure 5.3 shows that the film on as-received foil is relatively thick, a even larger 
potential step might be necessary to# reveal its entire film structure. A 3 V potential step was 
thus applied to the as-received foil, and the resulting current transient was measured and 
shown in Figure 5.8. For comparison purpose, the same potential step experiment was also 
carried out to the electropolished foil (EP II), and the result was shown n Figure 5.8. The 
initial portions of the current transients were shown in Figure 5.9. A peak was detected for 
the as-received foil in this experiment. For the EP 4 min sample, its peak was still detectable 
but was shifted left due to the faster current decay process resulting from the larger potential 
step. 
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5.2.2 Modeling of potentiostatic transients 
1. Estimation of parameters 
(a) Cell resistance Rs and oxide capacitance C from RC circuit model 
At the moment when a potential pulse is applied to the electrochemical cell, the system's 
behavior is dominated by capacitive charging. The current is then given by [103] 
or, taking the logarithmic form as 
AE t (5.5) 
(5.6) 
There is a linear relationship between In/(f) and t with the slope of —\/RsC and intercept of 
ln(A£/Rs ). It was found that the plot of the experimental data In/'(f) vs. t can be 
represented approximately by a linear relationship, as shown in Figure 5.10. The cell 
resistance, Rs, and capacitance, C, therefore can be obtained from the regression equation. 
48 
The regression results are listed in Table 5.2. Note that there is slight difference between 
different experiments' Rs values, for those carried out in the 0.1 M H2SO4 solution. This is 
reasonable due to the fact that these different experiments were carried out at different times, 
and the relative position of the electrodes might be slightly different. The values of oxide 
capacitance are in good agreement with the literature values. In addition, different runs for 
the same experiment gave reproducible results. Therefore, we inferred that the values of Rs 
and C we obtained from regression are correct. 
(b) Cell resistance Rs measured from independent etching experiment 
Wiersma, Tak, and Hebert [104] analyzed the contributions of surface and solution phase 
overpotentials to the potential transients after step reduction in applied current during anodic 
etching at 65 °C in 1 N HC1. This experiment was repeated to obtain an independent value of 
Rs. The initial potential decay in these experiments can be considered as two sequential 
potential decreases, AEx, and AE2. They found that, AEx, the difference between the initial 
and final steady-state potentials, is a change of the ohmic potential drop in the bulk solution. 
Therefore, there is a linear relationship between AE, (V) and ——— (V/cm), and the slope is 
K 
the electrochemical cell constant. The data were plotted in Figure 5.11 which can be 
regressed by a linear relationship between AEx and ( ia\ ~ C2 )• Its slope is 
Rs(INHCl) = 1.9Q-cm2. 
The measurement of the conductance of 0.1 M H2SO4 and IN HCl solution was done by 
using a YSI3440 conductivity cell. It gives us, K(Q.IMH2S04) = 4.2mQ• cm~l and 
K(INHCI) = 300.4/wQ - cm~l. So we have 
Rs(QAMH2SO ) = R (INHCl)x <lNHClï = 13.4Q.cm2 (5.7) 2 k(QAMH2SOA) 
This value is in reasonable agreement with the estimated value. Therefore the estimated 
parameters are confirmed. 
2. Modeling results 
The model calculations were carried out, and the results are shown in Figures 5.12 - 5.21. 
For comparison purpose, the results from the galvanostatic experiments are also shown in 
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Figure 5.10 Plotting In/(f) vs. t for NaOH 10s foil at 0.9 V step 
Table 5.2 Parameters estimation for potential step experiments 
Parameters Rs (Q • cm2 ) C(/iF / cm2) 
As-received (0.2V) 16.23 2.72 
NaOH 10 s (0.2V) 15.03 3.63 
NaOH 1 min (0.2V) 13.06 4.16 
As-received (0.7V) 18.14 1.48 
NaOH 10 s (0.9V) 17.5 10.47 
NaOH 1 min (0.9V) 17.31 7.63 
As-received (3 V) 18.58 2.13 
Electropolishing 4 min (0.9V) 18.67 13.94 
Electropolishing 4 min (3 V) 12.61 11.75 
0.1 M H2S04 3 hr (0.4V) 16.17 8.13 
0.1 M Na2S04 3 hr (0.4V) 35.24 3.16 
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Figure 5.11 Plotting AEx vs. (/„, -ial ) for IN HC1 etching experiment 
some of the figures, in order to test if similar p~ x characteristics for the same film using 
different polarization techniques can be obtained. 
5.2.3 Discussion of oxide film structure 
From Figure 5.12 - 5.21, regarding thep ~x characteristics, we can appreciate that: 
1. Similar p ~ x characteristics 
Qualitatively similar p ~ x characteristics were obtained for the same film using 
different polarization techniques. All these figures display two features as follows: initially, p 
is much smaller than 1 and is around the order of 10"4; p then increases monotonically and 
approaches 1 finally. This is true for as-received foil, NaOH treated foil, and electropolished 
foil. 
2. Similar p ~ x characteristics after incorporating the dielectric relaxation effect 
After incorporating dielectric relaxation effect, the model calculations still give very 
similar p ~ x characteristics for the same film using different polarization techniques. This 
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is true for all of the foils tested including as-received foil, NaOH treated foil, electropolished 
foil, foil immersed in 0.1 M NaiSCU for 3hr., and foil immersed in 0.1 M H2SO4 for 3hr. 
The fact that similar p ~ x characteristics were obtained from two models for the same 
film using polarization techniques may suggest that, as discussed in Section 5.1.3, the p ~ x 
plot may be viewed as the porosity profile of the oxide film. If this is true, then in terms of 
film structure, the following points may be summarized from Figure 5.12 - 5.21: 
(a) Dielectric relaxation model gives a smaller initial apparent barrier layer oxide thickness 
XQ, compared to the model without incorporating dielectric relaxation phenomena, as 
illustrated in Table 5.3. When the dielectric relaxation effect is taken into account, the 
actual potential drop across the oxide film would be smaller. To give the same value of 
current density, initial apparent barrier layer oxide thickness should be smaller. 
(b) Dielectric relaxation model gives a thicker porous layer thickness of oxide, compared to 
the model without incorporating dielectric relaxation effect, as illustrated in Table 5.4. 
Data of Ax were obtained only for those foils whose current peaks in the current 
transients are observable. 
For the current transients of as-received foils shown in Figure 5.5 - 5.8, only the potential 
step of 3 V shows a peak as that occurs for NaOH treated foils and electropolished foils. If 
the porosity profile concept we rationalized above is correct, by taking the modeling result of 
the as-received 3 V transient as the basis, we may examine the changes of oxide film structure 
caused by surface treatment, including NaOH treatment, electropolisting, immersion in 0.1 
M NazS04 3 hr, and immersion in 0.1 M H2SO4 3 hr. 
(a) The initial apparent barrier layer thickness XQ 
Using the model without dielectric relaxation, the initial apparent barrier layer thickness 
XQ for the as-received foil is 3.9 nm. Table 5.3 shows that the NaOH treatment reduces XQ to 
1.1 ~ 1.2 nm, 0.1 M H2SO4 3 hr immersion reduces XQ to 1.4 nm, and 0.1 M Na2$04 3 hr 
immersion reduces xo to 1.5 nm. This is reasonable due to the fact oxide film is highly 
soluble in NaOH solution, and it is soluble in 0.1 M H2SO4 and 0.1 M Na2S04. 
Electropolishing 3 min gives xo of 2.2 ~ 2.4 nm, which is in good agreement with the 
literature value of ca. 2 nm [98]. 
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Table 5.3 Comparison of the values of initial apparent barrier layer oxide thickness xo (nm) 
given by two different models 
Model Model without 
dielectric relaxation 
Dielectric 
relaxation model 
As-received (2.5 mA/cm2) 2.1 1.5 
NaOH 10 s (2.5 mA/cm2) 1.4 1.2 
NaOH 1 min (2.5 mA/cm2) 1.35 1.2 
As-received (0.2 V) 1.1 1.05 
NaOH 10 s (0.2V) 1.1 1.0 
NaOH 1 min (0.2V) 1.1 1.0 
As-received (0.7V) 1.5 1.2 
NaOH 10 s (0.9 V) 1.1 1.1 
NaOH 1 min (0.9V) 1.2 1.15 
As-received (3V) 3.9 2.0 
Electropolishing 4 min (0.9V) 2.2 1.3 
Electropolishing 4 min (3 V) 2.4 1.5 
0.1 M H2SO4 3 hr (0.4V) 1.4 1.1 
0.1 MNa2S043 hr(0.4V) 1.5 1.4 
A similar trend was obtained if the dielectric relaxation model were used, as shown in Table 
5.3. 
(b) The "porous" layer thickness Ax 
Using the model without dielectric relaxation, the "porous" layer thickness Ax for the as-
received foil is 1.3 nm. Table 5.4 shows that the 1 min NaOH treatment reduces Ax to 0.7 
nm, 0.1 M H2SO4 3 hr immersion reduces Ax to 0.7 nm. This is reasonable due to the fact 
that the oxide film is highly soluble in NaOH solution, and it is soluble in 0.1 M H2SO4. 
However, the model calculation shows that 10 s NaOH treatment gives a "porous" layer 
thickness of 0.3 nm, which is close to the one single ion size (the diameter of Al3+ and O2* are 
0.106 nm and 0.28 nm, respectively). This may indicate that either the "porous" layer on the 
film is very thin, or there is limitation for the model itself. 
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Table 5.4 Comparison of values of the "porous" layer oxide thickness Ax(nm) given by two 
different models 
Model Model without Dielectric 
dielectric relaxation relaxation model 
As-received (2.5 mA/cm2) 2.0 2.9 
NaOH 10 s (2.5 mA/cm2) 0.7 0.9 
NaOH 1 min (2.5 mA/cm2) 0.7 0.95 
NaOH 10 s (0.9V) 0.3 0.35 
NaOH 1 min (0.9V) 0.7 0.75 
As-received (3 V) 1.3 3.1 
Electropolishing 4 min (0.9V) 0.5 1.2 
Electropolishing 4 min (3V) 0.6 1.5 
0.1 M H2SO4 3 hr (0.4V) 0.7 1 
A similar trend was obtained if dielectric relaxation model were used, as shown in Table 5.4. 
Therefore, the model has the capacity to predict the oxide film structure change resulting 
from surface treatment such as NaOH treatment, electropolishing, and 0.1 M H2SO4 
immersion. 
5.2.4 Predication of long-time current decays 
If the porosity concept rationalized from the above analysis is correct, the major pore-
filling process could be characterized by the increasing current density after the capacitive 
current density has decayed significantly. The pore-filling process would be completed at the 
moment when the current density is at its maximum. After that, anodic oxide growth would 
cover the entire surface of the sample, and the high field conduction model should be able to 
predict the current transient curves. To test if this is true, we applied the high field model to 
predict the current density i(t), starting with the peak current density (from the experimental 
data). The results are shown in Figure 5.22 and Figure 5.23. For comparison, the 
experimental data are also plotted here. 
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Figure 5.22 Comparison of the experimental current density with the predicted current 
density using high field model 
From Figure 5.22 - 5.23, we can see that there is good agreement between the predicted 
current density and the experimental one for various foils. These include as-received foil, the 
electropolished foil, and NaOH treated foil. Therefore the high field model is able to describe 
the current transients quantitatively, with the assumption that the film grows uniformly after 
the current peak. This is consistent with interpreting p as porosity, since p always approaches 
1 at the peak. 
5.2.5 Experiments with two potential pulses 
The model assumes that anodic oxide growth is the dominant electrochemical process 
after the initial capacitive charging period on the order of 100 // s. However, Lohrengel et al. 
[49] suggested that dielectric relaxation processes may continue beyond this time and 
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Figure 5.23 Comparison of the experimental current density with the predicted current 
density using high field model 
dominate at times up to a few ms. If this were true, the model calculations of these times 
would not be correct. Dielectric relaxation is reversible; in contrast, pore filling is 
irreversible, in the sense of forming a thicker barrier layer oxide, and in turn giving a smaller 
current density. 
An experiment with two potential pulses was designed to detect the time when irreversible 
film growth initiates. We keep the duration of a first potential pulse short, then apply a 
second pulse to the same potential. The waveform of this experiment is shown below in 
Figure 5.24. The potential is stepped first from the open circuit potential Eop to Eop+0.9 V 
and kept constant for duration of ti ms, then stepped back to Eop for 10 ms. After that, it is 
stepped to Eop+0.9 Vagain and kept constant for 40 ms. Then it is stepped back to Eop again. 
If there were only dielectric relaxation, we would expect to get roughly the same initial 
transient in the two pulses. If there is irreversible film growth during the first potential pulse, 
we would expect to get a significantly different initial transient during the second pulse, with 
a smaller current density due to a thicker barrier layer formed during the first potential pulse. 
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Figure 5.24 Waveforms of the two potential steps experiment. The first pulse durations were 
1 ms, 5 ms, and 10 ms, respectively. 
The experiments were carried out for foils immersed in 1 N NaOH solution for 1 min. The 
experimental results are shown in Figure 5.25 (a) for the 1st pulse duration of 1 ms, 5 ms, and 
10 ms, respectively, with the same 2nd pulse duration of 40 ms. Figure 5.25 (b) is the an 
expanded time scale plot of the initial one millisecond of Figure 5.25 (a). From Figure 5.25, 
we found that: 
(1) When the 1st pulse duration is 1 ms, during the initial 1 ms there is no significant 
difference between the current transients resulting from the 1st pulse and 2nd pulse. This 
may suggest that there is no significant oxide growth during the first 1 ms, so that 
capacitive or dielectric relaxation processes may dominate. 
(2) When the 1st pulse duration is 5 ms and 10 ms, there is a significant difference between 
the two current transients. After the initial current decay from the capactive charging, the 
current density for the 2nd transient is much lower than the 1st one. This is evidence for 
the oxide growth at 1—10 ms during the first pulse. 
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Figure 5.25 (a) Current transients for two potential steps experiments with 1 N NaOH teated 
1 min aluminum foil in 0.1 M H2SO4 solution. "1st" inside the markers stands for the first 
potential pulse; "2nd" in the markers for the 2nd potential pulse. 
Therefore, for the NaOH treated 1 min foil, the oxide may begin to grow between the first 1 
ms and 5 ms. There is no significant oxide growth during the first 1 ms, at least within the 
limits of the experimental technique used here. 
Figure 5.26(a) shows the p ~ t plots based on the modeling calculations for the NaOH 
treated 1 min, without incorporating the dielectric relaxation effect. Figure 5.26 (b) shows the 
initial portions of Figure 5.26(a). For the current transient of NaOH 1 min 0.9 V, the actual 
calculation started at 0.1 ms, at that point the capacitive charging has decayed significantly, 
and we assumed that oxide growth has been taking over since then. However, the above two 
potential pulses experiments suggest that there is no significant oxide growth during the 
initial 1 ms for the NaOH 1 min foil. Therefore, the model calculation result of the initial p 
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within the first 1 ms may not be correct. According to Figure 5.26(b), at the time of 1 ms, the 
calculated p is 7.7x10"2. That is, the range of 7.7x10"2 — 1 is more reliable for the NaOH lmin 
foil. The possible factor that could cause the discrepancy may be some other phenomenon 
that we do not understand yet, such as other capacitive charging processes, as we stated in 
Section 5.1.2. In the simplified model that we used in this work, we use a single constant 
capacitance value to characterize the capacitive charging process. This may not be rigorous, 
especially at the initial moment, due to a number of reasons. First, the actual capacitive 
charging process may be more complex than what we expected from the RC circuit; second, 
the oxide film capacitance should be decreased continuously due to the oxide growth, 
according to Equation (2.2). The second factor may contribute to the initial p value to a 
certain extent, though it will not affect the p value after the capacitive charging has decayed 
significantly. 
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53 In-situ AFM observation of amodiation: verification of non-uniformity in oxide 
film thickness 
5.3.1 in-situ AFM experiment 
To verify the idea of the non-uniformity of the oxide film thickness, in-situ AFM 
observation of anodizing aluminum was performed in 0.1 M H2SO4 solution and borate 
buffer solution, separately. This made use of the electrochemical fluid cell of the Nanoscope 
AFM system, which has a capacity of about 0.1 ml. The aluminum foil was exposed to the 
electrolyte solution, and a 100 ms period current pulse was applied. The topographic features 
of the foil surface were imaged in-situ before and after this pulse. Therefore individual 
topographic features were tracked and compared. 
In-situ AFM observation of anodizing aluminum was first performed in 0.1 M H2SO4 
solution at room temperature. A constant current density of 2.5 mA/cm2 was applied for 100 
ms. Figure 5.26 (a) is the AFM image before the anodization, while Figure 5.26 (b) is the 
image after the anodization. Figure 5.26 (c) is the difference image obtained by subtracting 
5.26 (a) from 5.26 (b). The image subtraction was done by using the Image SXM software 
application. The particles on the foils shown in the AFM image had been identified as oxide 
hills in previous study [68], using Auger electron spectroscopy (AES) measurement. 
By examining the height information of individual features on the difference image of 
Figure 5.26 (c), it was found that the height differences at particles A, B, C are 5 nm, 4 nm, 
and 5 nm, respectively. Thus, during the anodization in 0.1 M H2SO4 solution, the particle's 
height increases. 
5.3.2 Theoretical interpretation 
During anodization in phosphoric acid solution, the film/solution interface recedes toward 
bulk metal since the rate of film growth is smaller than that of metal consumption. That is, 
the upward movement of the film/solution interface due to the oxide growth is slower than 
the downward movement of the film/metal interface due to the metal consumption. The net 
result of these two opposite movements would cause the film/solution interface to recede 
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(a) (b) 
B 
Figure 5.27 In-situ AFM images for as-received aluminum foil during anodizing at constant 
current density of 2.5 mA/cm2 in 0.1 M H2SO4 solution at room temperature. Anodizing time 
100 ms. (a) before anodization; (b) after anodization; (c) difference due to anodization (after-
before). Scan size is 3 // m, height contrast is 200 nm. Height differences at particles A, B, C 
are 5 nm, 4 nm, and 5 nm, respectively. 
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Figure 5.28 Schematic of film/solution interface movement during anodization in sulfuric 
acid solution 
toward bulk metal. The schematic below (Figure 5.28) depicts the cross-section of the oxide 
film near a particle. 
In this electrolyte solution, the current efficiency for film formation at the film/solution 
interface, s, is 0.35, and the transport number of O2" ions is L=0.6, where t. represents the 
fraction of film current carried by O2" ions. According to an oxygen mass balance at the 
solution/film interface, the interface velocity is proportional to the product of the difference 
between e and t_ and the current density, i.e., 
Thus VS/F is negative and therefore the solution/film interface recedes toward the bulk metal. 
However, the difference image shows that the hill's height increases after the anodization. 
The only possible explanation for this is the hill's top recedes slower than the valley 
(surrounding area) does. According to Eq. (5.8), this may be due to the fact that the current 
density at the particle is smaller than it is in the valley. This is explained if the oxide is 
initially thicker at hills. Therefore, it provides another piece of information about the initial 
nonuniformity of the oxide film, although the scale of this nonuniformity is perhaps larger 
than those detected by transient electrochemical measurements. 
VS/F °c(e-1.) i (5.8) 
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CHAPTER 6 RESULTS AND DISCUSSION: INTERFACIAL VOIDS AS PITTING 
PRECURSOR SITES 
As stated above, pit initiation mechanism study is of great importance not only to 
corrosion prevention and control, but also to many industrial applications where etching is 
used to create desirable micro-patterns on the surface of metals. Previously, the experimental 
study of the pitting initiation was primarily focused on alloy systems, and second-phase 
particles were invoked as the pit precursor sites [72-75, 77, 78]. However, this mechanism is 
not likely applicable to metals such as high-purity aluminum where impurity is on the part-
per-million level. In this case, other microstructural defects such as interfacial voids may 
play their roles, as recently evidenced by Hebert et. al [7]. 
Pitting and etching are fundamentally the same. One example of industrial applications of 
pitting is in the electrolytic capacitor fabrication industry. This etching process is a 
specialized technique applied to aluminum foil for achieving the highest practicable increase 
in surface area, because the capacity of the final product is directly proportional to the 
surface area [105]. Prior to etching, immersion in caustic or acidic solutions as pretreatment 
has been used to increase the pitting susceptibility of aluminum foils. However, how this 
pretreatment enhances the susceptibility of aluminum foil to anodic pitting corrosion had not 
been explored until recently [7, 106]. 
In our recent work [7], we found that interfacial voids can be formed by dissolution of 
aluminum in aqueous sodium hydroxide. Evidence from positron annihilation spectroscopy 
(PAS), atomic force microscopy (AFM), and anodic etching suggest that the interfacial voids 
can function as pit initiation sites. The interfacial voids are of at least nanometer dimension. 
The internal metal surface of the void either has only a monolayer-thickness oxide, or no 
oxide at all. Pits are believed to be initiated by dissolution of the oxide above the interfacial 
voids, which exposes their reactive internal surfaces. 
In this work, the interfacial void concept was extended to the case where aluminum foils 
were subjected to immersion in phosphoric acid solution as a pretreatment prior to hot anodic 
etching. Results were obtained for both as-received aluminum foil and electropolished 
aluminum foils. Again, evidence from positron annihilation spectroscopy (PAS), atomic 
force microscopy (AFM), scanning electron microscopy (SEM), and anodic etching suggest 
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that the interfacial voids can function as pit initiation sites. The role of interfacial voids as pit 
precursor sites was discussed. In addition, the oxide film thickness as a factor to affect the pit 
initiation was also detailed. Therefore, a more comprehensive picture of the role of the 
interfacial void as the pitting precursor site was obtained. 
6.1 SEM measurements of pit number density 
Etching experiments were carried out for two types of aluminum foils: as-received 
aluminum foil and electropolished aluminum foil. The electropolishing was performed at a 
constant applied current density of 0.25 A/cm2 in a phosphoric acid-ethanol-water bath at 40 
°C, for time up to 3 min. In order to examine the effect of H3PO4 pretreatment on the 
susceptibility of aluminum to anodic pitting corrosion, the electropolished 3 min samples 
were immersed in a 85 °C 5 wt.% H3PO4 bath for times of 0 s, 5 s, 10 s, 20 s, 25 s, 30 s, 35 s, 
40 s, and 60 s. For comparison, as-received samples were treated by 5 wt.% H3PO4 at 85 °C 
for 1 min prior to anodic etching. The foils were anodically etched at a constant applied 
potential of -0.35 V vs. Ag/AgCl/4N KC1 in 1 N HC1 solution at 70 °C, for a period of 0.1 
second. The etched samples were then examined by SEM. The SEM images were taken at 
five different locations for each etched sample with magnifications ranging from 200x to 
lOOOx, in order to obtain statistically significant data for the pit number density. 
Figure 6.1 shows SEM images of anodically etched Al foils. Figure 6.1(a) is for as-
received foil. Figure 6.1(b) is an as-received foil subjected to immersion in 5% H3PO4 at 85 
°C for 1 min. Figure 6.1(c) is an electropolished 3 min foil subjected to immersion in 5% 
H3PO4 at 85 °C for 1 min. Phosphoric acid immersion dramatically changes both the pit 
distribution and pit number density, for both as-received and electropolished foils. Statistical 
analysis of the SEM images of different etched foils shows that phosphoric acid pretreatment 
leads to a more even distribution of pits on the surface and a dramatic increase in pit number 
density, for both types of foils. 
The pit distribution on the two H3PO4 pretreated foils are notably different: the pits on the 
as-received foils without H3PO4 treatment are arranged along ridges left by rolling; While 
those on as-received foils treated with H3PO4 bath are cubic and distributed more evenly, 
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though some pits are still arranged along ridges. Similarly, those on electropolished foils 
subjected H3PO4 pretreatment are cubic and evenly distributed. Figure 6.1 clearly shows this 
distinct shape and distribution of the pits. 
Based on the statistical analysis of SEM images for different etched foils, the effect of the 
immersion time in 85 °C H3PO4 bath on the pit number density for both as-received foils and 
the electropolished 3 min foils was examined and shown in Figure 6.2. For the 
electropolished 3 min foil, the following trends can be noticed: 
(1) For the stripping time less than 30 s, essentially no pits initiated after anodic etching. 
(2) When the stripping time is increased from 30 s to 35 s, the pit number density is 
dramatically enhanced from 103~104 /cm2 to 105/cm2. 
(3) When the stripping time is longer than 35 s, the pit number density is increased 
moderately and still remains in the range of 105 /cm2. 
Therefore, for electropolished 3 min foils, there is a critical H3PO4 treatment time of 35s 
necessary to achieve the high pit number density. Since the electropolishing procedure used 
in this work is known to leave thick oxide film on the metal surface, it was considered that 
the critical treatment time in Figure 6.2 might be related to the dissolution of this film in the 
H3PO4 solution [98]. In other words, this time is necessary to dissolve the thick porous oxide 
left by electropolishing so that the oxide film thickness is below this threshold value. 
Alternatively, the critical time may be required to introduce defects serving as pit sites. 
As shown in Figure 6.2, phosphoric acid treatment of as-received foil for 1 min causes 
the number density of pits to increase from 103 tolO5 /cm2. Again, this effect could be related 
to either oxide thinning, defect formation, or both. 
To examine the effect of the electropolishing time on the pit number density, foils 
electropolished for various times up to 3 min, followed by H3PO4 treatment at 85 °C 
for 1 min, were anodically etched in IN HC1 at 70 °C for 0.1 s. Then SEM images were 
taken. The statistical analysis results are shown in Fig. 6.3. The pit density is also on the 
order of 105 /cm2 on foil electropolished for 1.5—3 min, followed by 1 min H3PO4 treatment. 
However, the pit density is on the order of 104 /cm2 on foils electropolished for 30 s and 1 
min, followed by 1 min H3PO4 treatment. Therefore, the electropolishing time influences the 
pit number density more weakly than does the H3PO4 pretreatment time. As will be discussed 
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(C) 
Figure 6.1 SEM images for etched aluminum foils, (a) as-received foil without pretreatment; 
(b) as-received foil immersed in 5%H3PC>4 at 85 °C for 1 min; (c) electropolished 3 min foil 
immersed in 5% H3PO4 at 85 °C for 1 min. 
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Figure 6.2 Pit number density vs. stripping time curves for as-received foils and foils 
electropolished for 3 min. Foils subjected to stripping in 5% H3PO4 at 85 C for various times 
prior to anodic etching for 100 ms. Markers are for different magnification in SEM images. 
Solid lines are for electropolished (EP I) 3 min foils, dotted line for as-received foils. 
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Figure 6.3 The pit number density vs. electropolishing time curves. Markers are for 
magnification in SEM images. 
in detail below, this may indicate that, if the electropolishing itself introduces interfacial 
defects, this generation mechanism can be only partially responsible for the enhanced 
susceptibility of aluminum to anodic pitting corrosion. 
6.2 Electrochemical potential and current measurements 
6.2.1 Etching current density curves 
The current transients for anodic etching are shown in Figure 6.4. After the initial surge 
which characterizes capacitive charging of the oxide film, the current decreases first, then 
increases gradually until it approaches a plateau. These features are observed for the 3 min 
electropolised foils with 35 s, 40 s, 50 s, 60 s pretreatment in the H3PO4 bath. However, for 
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the 3 min electropolised foils with 20 s, 25 s, 30 s pretreatment in the H3PO4 bath, no 
significant current increase and plateau are observable. Both AFM and SEM examination 
show that, for electropolished foils with pretreatment in phosphoric acid for 20 s, 25 s, and 
30 s, there are no pits formed after etching for 100 ms. 
By comparing Fig. 6.4 with Fig. 6.2, we find that the trend of the pit number density 
increasing with H3PO4 pretreatment time is supported by the anodic current density measured 
during etching. Thus, the increase in plateau etching current density corresponds to the pit 
nucleation during the anodic etching. The larger the current density resulting from anodic 
etching, the more pits or bigger pits being nucleated. 
To examine the effect of H3PO4 pretreatment on the etching of as-received foils, etching 
current transients for as-received foils in different conditions are shown in Figure 6.5. This 
figure includes foil in the as-received condition, and after 1 min phosphoric acid treatment. 
For the treated foil, there is an increase in etching current and a plateau approached in Figure 
6.5, and a number density of pits on the order of 105/cm2 is observed in Figure 6.2. While for 
the untreated foil, neither significant increase nor plateau in etching current density is 
observable in Figure 6.5, and the number density of pits in Figure 6.2 is only on the order of 
103/cm2. Again, the same correspondence between the etching current density and the pit 
number density is observed for these two types of foils. 
To capture the current increase for the untreated foil at long times, the etching time scale 
was extended to 5 s and the result is shown in Figure 6.6. An AFM image of the untreated 
foil etched for 5 s is shown in Figure 6.7. As we can see from Figures 6.6 - 6.7, 
(1) The anodic etching current begins to increase at about 500 ms and approaches a plateau 
at 1500 ms. This plateau is comparable to the ones what we observed in Figure 8.4 for 
electropolished 3 min foils pretreated in H3PO4 for 35 s and 40 s; 
(2) The AFM examination shows evidence of large pits formed after etching for 5 seconds 
under this condition. However, the number density of these pits is much smaller than on 
treated foil. Thus, pit initiation on the as-received foils is not inhibited, but significantly 
delayed compared to the treated foil. 
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Figure 6.4 Current density vs. time curves for anodic etching in 1 N HC1 at 70 °C for 100 ms, 
when constant potential of -0.35 V was applied. The samples are electropolished 3 min. foils, 
subjected to dissolution in 5% H3PO4 at 85 C for various times as indicated in the figure. 
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Figure 6.5 The current density vs. etching time curves for as-received aluminum foils (treated 
and untreated) anodically etched at constant potential of-0.35 V in 1 N HC1 at 70 °C for 100 
ms 
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Figure 6.6 The current density vs. etching time curve for as-received aluminum foil 
anodically etched at constant potential of -0.35 V in 1 N HC1 at 70 °C for 5 s 
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Figure 6.7 AFM image of as-received aluminum foil after etching in 1 N HC1 at 70 C for 5 
seconds 
6.2.2 Oxide film thickness measurements 
To determine the oxide film thickness change resulting from the H3PO4 treatment, foils 
were anodically oxidized in 0.1 M H2SO4 at a constant applied current density of 0.5 mA/cm2. 
The potential transients of the early stage of this anodic oxidation were measured and shown 
in Figure 6.8 and Figure 6.9. Upon applying anodic current of 0.5 mA/cm2, the potential 
increases sharply first due to the capacitive charging. After a few tens of milliseconds, a 
plateau is approached. The plateau marks the beginning of the slow linear increase of the 
potential with time due to uniform anodic film growth [107]. The thickness of the inner 
nonporous oxide barrier layer at the metal/film interface is approximately proportional to the 
reciprocal capacitance of the aluminum electrode. By using a similar method as in Chapter 5, 
we measured the slopes of the potential transients during the first 1 ms, and calculated the 
capacitance C by Eq. (5.2). Assuming a dielectric constant e of 9, the barrier layer thickness 
x in nm is calculated by the following equation: 
where the capacitance C is in cm2/ /j. F. The calculation results are shown in Figure 6.10. 
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As shown in Figure 6.10, as-electropolished foil has a barrier layer thickness of 24.6 nm. 
It decreases monotonically to about 4.6 nm after 30 s pretreatment in the H3PO4 bath. With 
this pretreatment time, large numbers of pits are found upon etching, as shown in Figure 6.2. 
Over the time period of 30s to 40s, when the pit number density continues to increase 
dramatically, the barrier layer oxide thickness decreases to a steady-state value of about 2 
nm. For the as-received foil, the barrier layer oxide thickness is about 4 nm. After 20 s 
pretreatment in the H3PO4 bath, it decreases to about 2 nm. Longer pretreatment time in the 
H3PO4 bath does not result in a significant change of the barrier layer oxide thickness. It 
remains about 2 nm even after 60 s pretreatment in the H3PO4 bath. 
Therefore, the high pit number density on both electropolished and as-received foils is 
correlated to a critical barrier oxide film thickness of about 2 nm. Above this value, 
essentially no pits are initiated on the surface within 100 ms.However, pits can form on the 
as-received foil after a somewhat longer time of 1 s. 
6.3 AFM topographic images during dissolution 
There are two possible explanations for the critical stripping time and enhanced pit 
number density after electropolishing. One is that interfacial voids may be produced by 
electropolishing but masked by the thick oxide layer. Once the thick oxide film is removed 
and a thin enough film left then the interfacial voids would be activated during anodic 
etching. The other is that the interfacial voids may be generated during the dissolution in 
H3PO4 bath and activated by anodic etching. Recently, we found strong evidence of 
interfacial voids formed by dissolution of aluminum in aqueous sodium hydroxide [7]. It was 
found that the interfacial voids can be exposed by chemical oxide stripping and viewed with 
AFM. These images of voids strongly resembled corrosion pits, suggesting that the 
interfacial voids act as pit precursor sites. 
To examine the possibility of extending this new concept to the present case, and to 
discriminate the possible mechanisms underlying the critical H3PO4 treatment time, AFM 
was used to follow the topographic changes of the aluminum foils during stripping in 2 wt. 
%Cr03 —5 wt.% H3PO4 bath for different times. The foils are either electropolished 3 min or 
so 
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Figure 6.8 Potential transients for various aluminum foils when anodized at 0.5 mA/cm2 at 
room temperature. The foils are electropolished 3 min ones subjected to dissolution in 5 
%HsP04 solution at 85 C for various times, as indicated in the figure. 
Figure 6.9 Potential transients for various aluminum foils when anodized at 0.5 mA/cm2 at 
room temperature. The foils are as-received ones subjected to dissolution in 5 % H3PO4 
solution at 85 °C for various times, as indicated in the figure. 
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Figure 6.10 The effect of dissolution time in 5 % H3PO4 solution at 85 °C on the barrier layer 
thickness of the oxide film 
as-received foils. Both types of the foils were pretreated in the H3PO4 bath for different times. 
The chromic-phosphoric acid treatment uniformly dissolves the oxide layer, eventually 
replacing it with a thin chromium oxide passivating film which suppresses metal oxidation. 
63.1 Weight loss measurements 
Weight loss measurements were carried out for as-received foils in the H3PO4 bath at 85 
°C and in C1O3 - H3PO4 bath for different times. The equivalent dissolution depth of metal is 
shown in Figure 6.11. This figure tells us that, in H3PO4 bath, dissolution increases linearly 
with the dissolution time, while in the C1O3 - H3PO4 bath, the sample's weight is essentially 
constant and does not change over 60 min. This fact indicates that, 
(1) Continuous dissolution occurs in the H3PO4 bath. 
(2) Only oxide but not metal is effectively removed by C1O3 - H3PO4 bath. 
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Figure 6.11 Weight loss measurements for as-received aluminum foils in 5% H3PO4 and 2% 
CrC>3+5% H3PO4 solutions 
Since only oxide is removed in the C1O3 - H3PO4 bath, this treatment potentially reveals 
the interface morphology. 
63.2 Stripping experiments for electropolished 3 min foils 
AFM observations after CrC^/HjPC^ treatment show two distinct topographies. That is, 
for short stripping time, the surface of electropolished 3 min foil pretreated in H3PO4 bath for 
35 s contains a lot of small particles, which are irregularly-shaped and 100-200 nm in 
diameter, as shown in Figure 6.12 (a) ~ (b). When the stripping time is long enough, the foil 
surface has regular hexagonal features and is free of particles, as shown in Figure 6.12 (c) -
(e). The latter topography is typical of electropolished aluminum metal surfaces, as reported 
by Yuzhakov et al. [108]. The transition between the two topographies is between 180 — 190 
s, at which point the porous oxide is completely dissolved. To reveal the possible interfacial 
open-volume defects, more dissolution experiments were carried out, the dissolution time 
being increased as necessary to reach the earliest time to reveal cavities, which appear at 250 
s in Figure 6.12 (e). 
84 
Similar procedures were applied to other electropolished 3 min foils, including those 
treated with H3PO4 bath for 31 s, 33 s, 35 s, 50 s, and 60 s. Figure. 6.13 is a series of AFM 
images from which small cavities can be seen at the earliest stripping time need to reveal 
them. For the samples treated with H3PO4 bath for 31 s, 33 s, 35 s, 50 s, 60 s, the earliest 
stripping times at which the cavities appear are 18 min, 12 min, and 250 s, 210 s, 210 s, 
respectively. This sequence of the earliest time is what might be expected: the longer the 
H3PO4 treatment, the thinner the oxide film left, and therefore the shorter the earliest 
stripping time at which small cavities can be revealed. From these AFM images, the number 
density of cavities is on the order of 106/cm2, which is about one order of magnitude larger 
than pit number density. It was not possible to detect a trend in the cavity number density 
with stripping time. However, there are similarities between the cavities shown in Figure 
6.13 and the pits shown in Figure 6.1 (c), in terms of shape, size, and distribution. Cavities 
are square-like, while the pits are square and cubic-like; Cavities' sides are sized around 100 
~ 500 nm, while most pits' sides are around 300 nm ~ 1 jum, although a few pits with larger 
sizes are observable under small magnification; Both cavities and pits are relatively evenly 
distributed on the surface. These similarities suggest that the pits may be initiated at the sites 
of cavities. 
6.3.3 Stripping experiments for as-received foils 
The same stripping procedure was applied to as-received aluminum foils. Figure 6.14 is a 
series of AFM images monitoring the topographic changes of the foils when chemically 
stripped in the 2 wt.%CrC>3 —5 wt.% H3PO4 bath for different times. The foils are as-received 
ones pretreated in the H3PO4 bath for 60 s. The surface of the foil before CrC^/HjPC^ 
treatment (Figure 6.14 (a)) is very smooth , but ridges are still observable. After 30 s 
chemical stripping (Figure 6.14 (b)), we have a rough surface with a lot of particles, but no 
cavities are revealed. However, when the chemical stripping time increases to 60 s, many 
square-like cavities on the surface are revealed (Figure 6.14 (c)). Although most of them are 
along ridges, some cavities are visible in the valley areas. 
For comparison, the untreated as-received foils were chemically stripped in 2 
wt.%CrC>3 — 5 wt.% H3PO4 bath for different times and were then examined by AFM. Again, 
Figure 6.12 A series of AFM images monitoring the topographie changes resulting from 
the oxide stripping process in the C1O3/H3PO4 bath at 85 °C for various times. 
Electropolished (EP I) 3 min aluminum foil, experienced immersion in 5% H3PO4 bath at 
85 C for 35 s. Oxide stripping times are (a) 60 s; (b) 180 s; (c) 190 s; (d) 240 s; (e) 250 s. 
Image scan size is 3 // m, height contrast is 50 nm. 
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(e) 
Figure 6.13 AFM images showing the H3PO4 treated electropolished (EP I) samples' 
topography at the earliest stripping time to reveal for the interfacial cavities. Times in the 
H3PO4 bath and CrOs/F^PO# bath are (a) 31 s / 18 min; (b) 33 s / 12 min; (c) 35 s / 250 s; 
(d) 50 s / 210 s; (e) 60 s / 210 s. Image scan size is 3 n m, height contrast is 50 nm. 
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the stripping time was increased as necessary to reveal cavities. The results are shown in 
Figure 6.15. It was found that 90 s stripping revealed cavities on the surface of untreated foil. 
Again, most cavities are observable along the ridges, and a few in the valley area, like the 
case of treated foil. However, the number densities of cavities in the two cases are quite 
different: the treated foil appears to have many more cavities than does the untreated one. As 
we will discuss later, it is consistent with the PAS measurement where we find the H3PO4 
treatment produces interfacial voids. It is reasonable that the earliest time to reveal cavities 
for untreated foil is longer than that of treated foil, because the H3PO4 treatment already 
thinned the barrier layer thickness to a certain extent, as we discussed in Section 6.2.2. 
Again, there are similarities between the cavities shown in Figure 6.14 and Figure 6.15 
and the pits shown in Figure 6.1 (b), in terms of shape, size, and distribution. Both cavities 
and pits are square and cubic-like; Cavities' sides are sized around 100 ~ 600 nm, while most 
pits' sides are around 500 nm ~ 1 fjm, although a few pits formed with larger sizes; Most 
cavities and pits are arranged along the ridges, although some of them are observable in the 
valley areas. As discussed in Section 6.3.2, these similarities suggest that the pits may be 
initiated at the sites of cavities. 
6.4 Positron annihilation spectroscopy (PAS) measurements 
6.4.1 PAS measurements 
In this work, Doppler-broadening PAS was used to detect open-volume defects near the 
metal surface after the H3PO4 treatment. The S parameter represents the contribution to 
annihilation due to valence electrons, while the W parameter characterizes the contribution of 
annihilation due to core electrons. Figure 6.16 and Figure 6.17 show PAS measurements of 
the lineshape parameter S of the annihilation photopeak at 511 keV, as a function of positron 
beam energy. According to Equation (4.1), the beam energy determines the mean 
implantation depth of positrons, which was shown on the top axis. The S values are 
normalized using the bulk aluminum S parameter, which was shown in the previous study to 
approach a plateau at energy greater than 15 keV. Since the foils are annealed with a large 
grain size of 100 fx m, the bulk metal has a very low vacancy concentration and can serve as 
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Figure 6.14 A series of AFM images showing the topographic changes resulting from the 
oxide stripping in C1O3/H3PO4 for various times. As-received aluminum foils experienced 
pretreatment in the H3PO4 bath for 60s before C1O3/H3PO4 immersion. The oxide stripping 
times are (a) 0 s; (b) 30 s; (c) 60 s. Image scan size is 5 // m, height contrast is 200 nm for (b) 
and (c),100 nm for (a). 
(a) (b) 
Figure 6.15 AFM images of as-received aluminum foil with no H3PO4 pretreatment after 
oxide stripping in C1O3/H3PO4 bath for (a) 0 s; (b) 90 s. Image scan size is 15 // m, height 
contrast is 600 nm. 
a defect-free reference state. Therefore, the normalized S values larger than one would 
indicate that the presence either of phases having S parameter larger than aluminum, or else 
open volume defects. Figures 6.16-6.17 show that in each foil (with the exception of EP I 
foil treated in H3PO4 bath for 10s), there are regions extending from the surface to the depth 
on the order of 100 nm, which have S parameters larger than 1. Since the oxide film 
thickness obtained from the electrochemical measurements in Section 6.2 is just a few 
nanometers for those foils, these high S regions must be defective layers located in the metal 
beneath the metal-film interface. For the EP I foil experienced 10s immersion in the 
phosphoric acid bath, it has a thick oxide film that may mask any defects that may present. 
As we did previously, a plot of S vs. W (Figure 6.18) was constructed to help identify 
these defects [7]. It was found that the data points fall along straight lines connecting points 
representing oxide, defect, and bulk aluminum states. In addition to that, the plot is the same 
as that found previously for NaOH-treated foils. Therefore, similar conclusions can be drawn 
here: 
(1) The defect state in the S-W plot has a large S parameter (1.06) and a small W parameter 
(0.8) is corresponding to a void of at least nm dimension; 
Figure 6.16 S energy profiles of as-received foil, and after dissolution in 5% H3PO4 at 85 C for 5 s, and 1 min. Data points are 
measured values, and solid lines are results of fitting with simulation. Top scale is mean implantation depth according to Eq. 
(4.1). 
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(2) The void is located at or near the metal-film interface, and its metallic surface is free of 
oxide. 
The S-W plot in shows that this void is the predominant defect type on all the tested foils. 
6.4.2 Simulation of PAS measurements 
After confirming the presence of interfacial voids, it would be more convincing if we 
could obtain some quantitative information about the defect concentration or dimensions. 
This would allow us to make a comparison among the interfacial voids, the cavities, and the 
pits that we examined in detail previously during AFM and SEM observation. However, the 
S vs. energy plot cannot be interpreted directly as a depth profile of defect concentration, 
since annihilation does not always occur at the precise depth indicated by Eq. (4.1) and the 
top axis in Figure 8.16. Instead the implanted positrons are spread about the mean depth, and 
may diffuse to a different depth during the time between implantation and annihilation. 
To gain quantitative information about the spatial distribution of the defect-containing 
regions, the diffusion-annihilation equation must be solved numerically. This equation is a 
differential balance on positrons in the solid, which accounts for diffusion and implantation 
of positrons and their removal by either annihilation or trapping into defects [99]. Solution to 
this equation was obtained by using the VEPFIT software application [109, 110]. VEPFIT 
uses the positron concentration profile to calculate the S vs. energy profile, and fits the 
parameters of the defect distribution to obtain agreement with the experimental S vs. energy 
measurements. 
The solid lines in Figure 6.16 represent such a simulation based on the positron diffusion-
annihilation equation. The measurements were simulated with a simple 2-layer model 
consisting of a surface-adjacent defect layer and bulk aluminum. The defect layer parameters 
fit by VEPFIT are its S parameter (Sa), thickness (Bd), and positron diffusion length (La). Sa 
corrects the measured S values in the defect layer for the effects of annihilation of implanted 
positrons in either the oxide film or bulk aluminum, which have smaller S parameters. The 
simulation results are summarized in Table 6.1. For comparison, the data for mean cavity 
depth measured from AFM images are also listed here. Although effort was made to conduct 
PAS measurement for the as-electropolished foil (EP 1) without H3PO4 treatment, no result 
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was obtained due to the fact that the thick oxide layer may mask any defects that may 
present. However, PAS measurement for the as-electropolished foil (EP 2) without H3PO4 
treatment shows evidence of the presence of interfacial defects. Since EP 2 foil has a larger 
Sd value (1.0605) than as-received (1.0361), the electropolishing itself introduces defects. 
Table 6.1 Effect of H3PO4 treatment on model defect layer parameter and comparison with 
AFM measurements of cavities 
Foil 
type 
sd Bd 
(nm) 
La 
(nm) 
Mean cavity depth (nm) 
As-received 1.0361 106 3.94 132 
As-received with 5 s 
H3PO4 treatment 
1.0900 9.49 2.86 Not available 
As-received with 1 min 
H3PO4 treatment 1.0753 43.2 0.998 47 
As-received with 5 min 
NaOH treatment 
1.0819 7.40 2.39 Not available 
As-electropolished II 1.0605 13.4 3.4 Not available 
Electropolished I with 
23 s H3PO4 treatment 
1.0493 38.4 3.25 Not available 
Electropolished I with 
27 s H3PO4 treatment 
1.0596 34.3 1.68 Not available 
Electropolished 3 min 
and H3PO4 treatment 
1.053 23 (3O-35s 
treatment times)' 
8.0 40 (31-60s 
treatment times) 
The values for the electropolished foil are the averaged results of five experiments with the 
range of treatment time as indicated. The mean cavity depth was based on the statistical 
analysis of the cavity depths measured from AFM images using Nanoscope software 
application of section analysis. If the cavity depth exceeds the penetration depth of the tip, 
then section analysis would show artifacts due to this measurement deficiency. Since 
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sharpened tips were used for capturing all of the AFM images, and section analysis did not 
show the possible artifacts that may be present, we inferred that our data on the cavity depth 
is correct. In addition, the mean cavity depth is closely matched by with the defect-containing 
layer thickness that we inferred from the simulation of PAS measurements. Though an 
attempt was made to find the trends with H3PO4 treatment time, no results can be inferred. 
However, regarding the effect of H3PO4 treatment, there are some significant results that we 
can appreciate: 
(1) Compared to as-received aluminum foil, the H3PO4 treatment significantly increases the 
defect layer S parameter (Sd). This increase is associated with an increase of the void 
volume fraction within the defect layer, due to new defects being introduced by the 
treatment; 
(2) Compared to the bulk aluminum value of 150 nm, the smaller values of defect diffusion 
length (Ld) on all samples indicate that there are highly defective regions at the metal/film 
interface, so that the positrons are trapped quickly during the course of diffusion; 
(3) The mean depths of cavities revealed by chromic-phosphoric acid treatment and 
measured from AFM images, are quantitatively comparable to the defect layer thickness 
measured by PAS prior to stripping the oxide film. 
The same correspondence as (3) was found previously for foils treated in aqueous NaOH 
baths [7]. This correspondence, together with findings listed above in (1) and (2), have 
important implications, as discussed in detail in the following section. 
6.5 Nature of the pitting precursor sites 
The quantitative correspondence between the cavities and interfacial voids, in terms of 
cavity depth and defect layer thickness, suggests that the cavities may be the same as the 
PAS-detected interfacial voids, as we found previously for the NaOH-treated foils [7]. In 
addition to that, if we compare the shapes of cavities in Figures 6.12, 6.14, and 6.15, with 
the shapes of pits in Figure 6.1, the qualitative similarity in their morphology can be 
appreciated. Therefore, the pits may be initiated at the locations of interfacial voids. On the 
other hand, statistical analysis shows that the number density of cavities is about an order of 
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magnitude larger than the number density of pits. However, if this analysis can be done with 
the same magnification, they may appear to be the same. Another possibility is that only 
some of cavities can be activated to form pits during anodic etching. 
Since the PAS simulation results show that the new defects (interfacial voids) have been 
introduced by the H3PO4 treatment, this increase in the void volume fraction has to be 
associated with the enhancement of susceptibility of aluminum to anodic pitting corrosion. 
On the other hand, since the large S value and small W value of the voids indicate that their 
metallic surface is oxide-free, they can easily function as pitting precursor sites once the 
overlying oxide is removed by dissolution in the hot etching solution. All of these evidences 
suggest that interfacial voids can serve as pitting precursor sites. 
As mentioned above, no evidence was obtained regarding whether electropolishing (EP I) 
introduces defects, since the thick oxide film on the as-electropolished foil may mask any 
defects that may present. However, for another electropolishing procedure (EP H), PAS does 
show evidence of introducing defects during the procedure. Another issue is that the exact 
formation mechanism of the interfacial voids is not clear yet, although we are able to 
conclude that a solid-state process but not a solution process must be responsible for the 
formation of interfacial voids. Since the large S parameter and small W parameter suggest 
that the metallic surface is oxide-free, this feature determines that voids are not formed by 
dissolving the surface oxide film and the underlying metal, due to the fact that the aqueous 
solution would passivate any exposed bare metal and thus an oxide film would be formed. 
To summarize, the H3PO4 treatment will introduce interfacial voids of at least nm size and 
whose metallic surface is oxide-free. The interfacial voids can serve as pitting precursor sites 
once the overlying oxide film is dissolved in the etching solution. However, as an additional 
condition to activate the interfacial voids, the surface oxide film must be thinned first. The 
schematic of this mechanism is shown in Figure 6.19. 
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Figure 6.19 Schematic of the interfacial void serving as pitting precursor site 
103 
CHAPTER 7 CONCLUSIONS 
7.1 Conclusions on transient oxide film conduction measurements 
The thin oxide film conduction mechanism was investigated in this part. Two parameters 
defined as 
p = the ratio of the experimental faradaic current density to the predicted faradaic current 
density using high field model, dimensionless number 
x = solid-state barrier layer thickness of the oxide film, nm 
were used in the model calculations. The following conclusions can be drawn: 
1. A mathematical model was developed for oxide thickness and faradaic current, assuming 
high-field conduction and a uniform oxide layer thickness, and incorporating as input the 
measured potential. Two important interfacial reactions at the oxide-electrolyte interface, 
dissolution of aluminum ions and deposition or dissolution of oxygen ions, were taken 
into account. To examine the possible effect of dielectric relaxation, the Dignam's 
dielectric relaxation model was adapted separately in this study. Some of the model 
parameters obtained from different sources including literature, features of the 
experimental transients, and independent experiments are in good agreement with each 
other. 
2. Electrochemical current and potential transients were measured for a number of 
aluminum foils during anodic oxidation of aluminum, with the sampling resolution of 10 
fjs and time scales of 0.01—100 ms after anodizing began. The dimensionless number p 
was calculated according to the modeling results. The measured faradaic current is about 
104 times smaller than that predicted by this model initially, but the two converge after 
the initial period of time when p approaches 1. This discrepancy may be caused by 
several reasons, either the failure of the high field model for the thin oxide film, or the 
nonuniformity of the film thickness initially, or some other effects involving electronic 
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current that we do not understand yet. Our evidence suggests that the second case is more 
likely. 
3. If the small initial p values do imply that the film has a non-uniform oxide thickness, or 
only the portions of the film surface occupied by the thinnest oxide would be 
electrochemically active, then the p ~ x plots may be viewed as "porosity profiles" 
through the film. This idea is supported by the following observations: the similar p ~ x 
characteristics for the same film obtained from different polarization experiments; the 
capability of reflecting the oxide film structure change due to pretreatment such as NaOH 
dissolution, H2SO4 immersion, and electropolishing; the capability of predicting the 
anodic current transients after the time when p approaches 1 by using high field model; 
the lower anodic current of the foils subjected a short anodic pulse previously. All of 
these facts suggest that the oxide film thickness may be non-uniform initially, and the 
high-field model is a valid conduction mechanism for native thin oxide film on aluminum 
foil. However, since the two-step potential pulses experiment results suggest that there is 
no significant oxide growth during the first 1 ms for the NaOH treated 1 min foil, the 
initial portion ofp(x) profile corresponding to t< 1 ms should be treated cautiously. 
4. The adapted dielectric relaxation model gives very similar p ~ x characteristics, which 
indicates that the dielectric relaxation does not have a significant effect on the 
electrochemical transients that we studied in this research. However, the dielectric model 
gives a smaller apparent initial barrier layer thickness and a thicker porous layer 
thickness, compared to the model without incorporating dielectric relaxation effect. 
7.2 Conclusions on interfacial voids as pitting precursor sites 
The effects of immersion in phosphoric acid on the pitting susceptibility of aluminum foils 
were investigated using atomic force microscopy (AFM), scanning electron microscopy 
(SEM), positron annihilation spectroscopy (PAS), and electrochemical transient techniques. 
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Results were obtained for foils in both as-received and as-electropolished conditions. The 
following conclusions can be drawn: 
1. The phosphoric acid immersion dramatically enhances the susceptibility of aluminum foil 
to anodic pitting corrosion. When the foils are anodically etched at -0.35 V in the 1 N 
HC1 solution at 70 0 C for 100 ms, it was found that for as-received foil, 60 s immersion 
in the bath increases the number density of pits from 103/cm2 to 105/cm2; for the 
electropolished (EP I) 3 min foils, there is a critical immersion time of 35 s. When the 
immersion time is less than 30s, the pit number density is essentially zero; if the 
immersion time increases from 30 s to 35 s, the pit number density is enhanced from 103 
to 105 /cm2; after this critical immersion time of 35 s, the pit number density increases 
moderately and still remains on the order of 105 /cm2. Electropolishing time affects the 
pitting susceptibility to a lesser extent compared to the immersion time in the phosphoric 
acid bath. The distributions of pits are notably different for the two foils after the 
phosphoric acid treatment: for as-received foils, pits are mainly concentrated along the 
rolling ridges; but for electropolished foils, pits are relatively evenly distributed over the 
entire surface. 
2. The electrochemical transient experiments indicated that the trend of the pit number 
density with the immersion time corresponds to a decrease of surface oxide film 
thickness. The 60 s immersion reduces the barrier layer oxide thickness from about 4 nm 
to 2 nm for as-received foil. However, the pit initiation on the as-received foil is not 
inhibited, but significantly delayed compared to the foil treated in the phosphoric acid 
bath. 35 s immersion in the phosphoric acid bath reduces the barrier layer oxide thickness 
from about 25 nm to 2 nm for electropolished (EP I) 3 min foil. 
3. AFM observation of the topography of the foils which experienced phosphoric acid 
treatment followed by oxide stripping in chromic-phosphoric acid solution revealed the 
presence of cavities. PAS measurements for the different foils show the existence of the 
interfacial voids of nm dimensions, whose metallic surface is oxide-free. The thickness of 
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the defect layer thickness obtained with PAS agrees closely with the cavity depth 
measured in AFM. The strong similarity among the pits, cavities, and interfacial voids in 
terms of size, shape, and distribution, suggests that the interfacial cavities can serve as 
pitting initiation sites, as we found from caustic dissolution of aluminum previously. 
4. The PAS results suggest that the interfacial voids for the electropolished foils are likely 
produced by both the electropolishing itself and the phosphoric acid treatment. The 
interfacial voids for the as-received foils are likely introduced by the phosphoric acid 
treatment, although there are some interfacial defects even for foils under as-received 
condition. 
5. Based on the evidence we obtained in this work, a phenomenological mechanism for 
pitting precursor site on aluminum was proposed. The phosphoric acid treatment 
introduces interfacial voids. The interfacial voids can serve as pitting precursor sites once 
the overlying surface oxide film is thinned to a certain extent. 
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